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G E N E R A L I N T R O D U C T I O N 
River areas in The Netherlands are highly dynamic ecosystems governed by strongly 
fluctuating water levels. The water discharge of the Rhine river is characterized by elevated 
levels during the winter and spring and relatively low levels during the late summer and 
autumn months; a pattern which is the result of increases in rainfall in the winter and 
melting snow in spring. Superimposed on this pattern of water discharge are unpredictable 
high drainage peaks that occur throughout the year. These peaks in river level are related 
to excessive precipitation in the Rhine catchment area and may result in the flooding of 
adjacent riparian habitats in both winter and summer. The flooding event itself with respect 
to its effect on plant physiology and distribution [21] can be broken down into several aspects: 
seasonal and temporal timing, duration, depth and frequency (figure 1). The seasonal timing 
of the flooding is of major importance to plants. Throughout the year the growth activity 
of plants as well as their development vary and, therefore, it is obvious that floods which 
occur in the summer have a greater influence on plant distribution than inundations in the 
winter. The large and very unpredictable temporal variation of the floods together with 
their variable duration determine the onset and length of the growing season of terrestrial 
plants in river areas. The depth of the flooding determines the amount of plant tissue 
surrounded by water and, therefore, the plants' acclimatic responses. Four flooding levels 
can be distinguished: 
1. drained: in the river area this can vary from an extremely dry soil to one having a 
moisture content near field capacity, 
2. waterlogged: soil saturated with water. 
3. partial submerged: shoot partially flooded and 
4. submerged: root and shoot completely flooded. 
Riparian habitats of Dutch river areas are characterized by a distinct pattern of natural 
and man-made depressions and elevations such as former river beds, sand-, clay- and gravel 
pits, river levees and dikes. The continuum existing between depressions and elevations 
creates different flooding regimes and, as a consecjuence, environmental gradients. Changes 
in the composition of plant species in this flooding gradient [163] may be related to the spe-
cific resistance of certain species to the adverse effects of flooding initiated by the impeded 
gas exchange between flooded parts of the plant and the atmosphere. In addition, one can 
not ignore the fact that several secondary environmental gradients exist within a flooding 
gradient. These factors, such as variable competitive interference, differential frequencies 
and patterns of gap-formation, and variation in soil type, may interact with the primary 
effects of flooding and probably significantly influence species' composition within the flood-
ing gradients in river areas (figure 1). Eight species of the cosmopolitan genus Rumex occur 
in Dutch river areas. All are very precisely situated within the flooding gradient (figure 2), 
a fact which suggests differential resistance towards abiotic and biotic factors in the existing 











Figure 1: A schematic presentation of factors directly or indirectly related to flooding that 
appear to have an impact on all life-cycle components of Rumex species and subsequently on 
the distribution of these species m Dutch river areas. 
gradient, have been selected for study, and the results are described in this thesis. Rumex 
acetosa occurs on elevated, seldomly flooded dikes and river levees, whereas R. palustris is 
found mainly on low-lying mud flats along former river beds that are frequently flooded for 
long periods of time. Rumex cnspus occupies an intermediate position within the eleva-
tion and flooding gradient (figure 2). A comparative ecophysiological study of related plant 
species within a genus or within subgenera along environmental gradients is known to be a 
recommendable approach to explain patterns in plant distribution [31,108,119]. 
In the study described here, the distribution of Rumex species in a flooding gradient is 
studied within a life-cycle approach (figure 1). Since flooding can have differential effects on 
the consecutive stages in the life cycle, all phases of the life cycle must eventually be studied 
[20,67,119]. According to Grime [67] the Rumex life cycle was divided into two phases: 
1. the regenerative phase, which is associated with seed dispersal, dormancy, germination 
and establishment, 
2. the established phase, which is aligned with vegetative growth, flowering and seed 
production. 
In this thesis the various phases of the Rumex life cycle with respect to flooding are 
described on the basis of both field experiments and studies conducted under controlled 
conditions. In the field studies plants were frequently used as phytometers in experiments 
with a reciprocal design [36,37] in order to determine the impact of habitats on plant per-
formance and survival. Greenhouse and laboratory experiments were conducted to gain 
insight into the species' resistance ranges and the physiological mechanisms responsible for 
the differential distribution of three Rumex species in a flooding gradient. 
In summary, this thesis attempts to explain the differential location of various Rumex 
species within a flooding gradient by means of an ecophysiological study that concentrates 
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Figure 2: The zonation of eight Rumex species in the nver foreland of the Rhine. 
All aspects of the regenerative phase of the life cycle, with the exception of seed disper-
sal. are described in chapters 2, 3 and 4. C h a p t e r 2 focusses on the timing of seed release 
and germination under field conditions in relation to flooding and associated gap-formation. 
This chapter also concentrates on the seed bank type and its adaptive significance un-
der various flooding regimes. In chap t e r 3 special attention is paid to the physiological 
mechanisms that regulate germination and seed bank formation. The results of these labo-
ratory experiments are compared with those obtained from the field experiments described 
in chapter 2. As flooding always leads to complete submergence of the small-sized Rumex 
seedlings, chap t e r 4 focusses on seedling adaptations upon complete submergence such as 
photosynthesis under water, release of photosynthetic oxygen by roots and m vitro root 
tip survival during hypoxia with respect to alcoholic fermentation. Additional experiments 
were performed in order to study seedling establishment under field conditions. 
The vegetative part of the established phase of the Rumex life cycle with respect to 
various depths of flooding is discussed in chapters 5 to 9. C h a p t e r 5 describes the results of 
a reciprocal transplant experiment and of additional flooding and competition experiments. 
The impact of flooding, competition and herbivory and their interactions on distribution of 
established Rumex plants in a flooding gradient are discussed. 
Under field conditions Rumex plants can be confronted with the aforementioned levels of 
flooding. In chapters 6 to 9 morphological and physiological responses under these conditions 
are described and related to the field distribution of the species under study. C h a p t e r 6 re-
lates morphological differences between the root systems of the Rumex species under drained 
soil conditions to their locations in the river area. A new technique, the so-called perforated 
soil system [26], was used to study rooting patterns. Root and shoot responses towards two 
levels of soil waterlogging are outlined in chap t e r 7. C h a p t e r 8 focusses on the petiole 
growth and production of the gaseous plant hormone ethylene, which is induced by soil 
waterlogging. This study also included measurements of l-aminocyclopropane-l-carboxylic 
acid (ACC), the immediate precursor of ethylene in its biosynthetic pathway, and of the 
ethylene forming enzyme (EFE), which catalyzes ACC-ethylene conversion. The quantifi-
cation of ethylene biosynthesis adds to our understanding of the production of ethylene in 
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response to waterlogging stress and its relation to petiole growth. Ethylene production was 
measured with a recently developed laser-driven intracavity photoacoustic detection system 
with a very high sensitivity. Chapter 9 focusses on the growth responses of petioles in re-
sponse to complete submergence under field, greenhouse and laboratory conditions. These 
growth responses are shown to be causally related to both the endogenous ethylene con-
centrations and the differential sensitivities of the three Rumex species towards enhanced 
ethylene levels. Chapter 10 describes a comparative ecomorphological study on the rel-
ative contributions of cell division and cell expansion in petiole elongation as a response 
to submergence and exogenous ethylene. Chapter 11 presents a synthesis of the main 
results and conclusions and summarizes the most important adaptations that may explain 
the distribution of R. acetosa, R. cnspus and R. •palustris in a flooding gradient. 
16 
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E M E R G E N C E A N D ESTABLISHMENT OF R U M E X SPECIES IN A 
FLOODING G R A D I E N T : 
I. FIELD GERMINATION A N D SEED B A N K 
A B S T R A C T 
Experiments were designed to study the role of the regenerative phase in 
determining the distribution of R. acetosa, R. crispus and R. palustris in a 
flooding gradient of a river foreland. Germination after achene release, viability 
of achenes during burial in an artificial seed bank and seedling emergence from 
buried achenes was studied in field experiments with a reciprocal design. It 
was shown that early achene release, easy separation of perianth and achene, 
i.e. absence of the perianth which imposes innate dormancy, facilitates autumn 
germination in R. acetosa. This represents the best adaptive strategy to the 
prevailing environmental conditions in the natural habitat of R. acetosa, but 
strongly restricts seedling establishment in frequently flooded areas. Germi-
nation of R. crispus and R. palustris occurs mainly in the spring and summer 
months. The adaptive significance is related to the long and predictable winter 
floods in natural habitats of these two species. Delayed achene release and the 
innate dormancy imposed by the perianths prevents germination of these species 
in the autumn. However, germination in spring or summer is non-adaptive in a 
habitat with a relatively dense vegetation, e.g. the natural habitat of R. acetosa, 
which hampers seedling establishment. The seed bank type appears to be re-
lated to the occurrence of unpredictable disturbances (floods) of the established 
vegetation: R. palustris and R. crispus, both occurring in frequently flooded 
river parts, having the most persistent seed banks and R. acetosa having the 
most transient one. 
I N T R O D U C T I O N 
Rumex species occur in particular zones of flooding gradients of river areas in the Nether-
lands. Rumex acetosa is mainly found on rarely flooded dikes and river levees, whereas R. 
palustris occurs on frequently flooded mud flats of former river beds. Rumex cnspus occupies 
intermediate sites in the river floodplain (figure 1; [180]). Inundations during the growing 
season are erratic and closely related to the intensity of rain fall in the middle and upper 
reaches of the Rhine. Winter floods, however, are more or less predictable in timing and 
duration (figure 1; [181] ). It is hypothesized that the Rumex zonation is mainly determined 
by the species-specific interaction between inundation intensity and flooding resistance [21]. 
In order to establish such an interaction all phases in the plant life cycle have to be studied 
[8,20,67]. In a series of three papers experimental evidence will be presented for the im-
portance of the regenerative phase for the distribution of Rumex species in the river area. 
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Figure 1: Fluctuating water levels of the river Rhine m the areas under study near Nijmegen 
m 1986. 1987 and 1988. The level of germination and seed bank plots are included for each 
Rumex species in the diagram (RA= Rumex acetosa; RC= R. cnspus; RP— R. palustris). 
The regenerative phase consists of several stages, i.e. achene release, dispersal, dormancy, 
germination and seedling establishment [67]. 
This paper describes germination after achene release, viability of achenes during burial 
in an artificial seed bank and seedling emergence from buried achenes. All experiments had 
a reciprocal design and were performed under field conditions. Germination characteristics 
under laboratory conditions and the establishment of Rumex plants will be described in 
subsequent papers. This paper deals with the following questions: 
1. Is there a timing in achene release and germination in relation to both summer and 
winter floods and gap-formation ? 
2. Are the seed bank types (transient vs. persistent) in Rumex associated with the 
frequency of erratic floods in their natural environments ? 
3. What is the impact of germination and seed bank characteristics on the distribution 
of Rumex in the river forelands ? 
MATERIAL A N D M E T H O D S 
Plant material and Rumex habitats in the river area 
Rumex acetosa L. is a polycarpic perennial with a fibrous rooting pattern [180], which 
possesses a limited capacity for vegetative propagation [68]. This species was studied in a 
meadow with a hay and aftermath management (acetosa-zone). The sward is dominated 
by Poa triviahs L., Elymus repens L. and Alopecurus pratensis L.. This meadow is only 
occasionally flooded for very short periods (figure 1). 
Rumex cnspus L. is a short-lived polycarpic perennial, with a distinct tap-root [68,180]. 
It occurs on intermediate sites in the river flooding gradient; inundations are frequent but 
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have a limited duration (figure 1). This Rumex species was studied on the bank of a former 
river bed. which was grazed by cattle (crispus-zone). Dominant plant species are Elymus 
repens L., Agrostis stolonifera L., Potentilla reptans L. and Phalarts arundmacea L.. 
Rumex palustris Sm. is a tap-rooted monocarpic annual, biennial or short-lived perennial 
[180]. In the river area flowering is often delayed to the next season due to late germination 
(July/August) after the withdrawal of flood water. Rumex palustris was studied on a mud 
flat in a former river bed (palustris-zone). Dominant plant species in this zone are Gnaphal-
mm uhgmosum L., Juncus bufomus L., Limosella aquatica L. and Rumex mantimus L.. The 
inundations in this area are frequent, deep and prolonged (figure 1). 
For use in all experiments achenes enclosed in perianths were collected in 1986 in the 
areas under study. The achenes were stored at room temperature in the dark. Achene 
mixtures of several plants belonging to one river population were used. 
Germination after achene release 
In a field experiment achenes of the three Rumex species were reciprocally sown in 
artificially created gaps (30 χ 30 cm). On the moment of natural release, achenes were 
slightly pushed into the soil surface in a grid pattern (256 achenes; 1 cm distance between 
achenes). Rumex acetosa was sown in all three zones on August 21-22, 1986; R.cnspus and 
R. palustris on October 31, 1986. Flooding caused a delay in sowing for JÏ. cnspus and R. 
palustris in the palustris-zone until November 12, 1986. 
Natural germination which occurs after achene release was mimicked by sowing of R. 
acetosa achenes without perianth, whereas achenes of both other species were sown either 
with or without perianths. Germination (primary root > 2 mm) was recorded every week; 
germinated achenes were removed from the plots. The experiments with R. acetosa were 
performed in three, those with R. cnspus and R. palustris in two replicate plots. 
The soil-moisture content of the top 5 cm layer was measured in 70 cm3 soil samples 
every week. 
Viability of achenes in an artificial seed bank 
Achenes of all three Rumex species were reciprocally buried in the soil in the various 
zones. The achenes were put in nylon bags (25 per bag) and subsequently buried in plots 
(1.2 χ 1.2 m)at the time of natural achene release (R.acetosa: August 21-22, 1986; R.cnspus: 
October 31, 1986; R. palustris: October 23, 1986). Every plot contained 36 bags ( 5 x 5 cm; 
mesh size: 0.25 χ 0.10 mm) with achenes of one species, buried in a grid pattern at a depth 
of 5 cm. Great care was taken to minimize soil disturbance. On five to eleven (depending 
on the flooding regime of a certain zone) subsequent dates within a two year period, bags 
from each location (three replicates per species per zone) were retrieved from the field plots. 
In the laboratory the bags were washed out with tap water. Intact achenes were incubated 
in petri-dishes (diameter: 70 mm) on two layers of moistened filter paper (Schleicher and 
Schuil) in a temperature controlled germination cabinet: day temperature of 25 "C (12 
hours) and night temperature 10 °C. The photosynthetic photon flux density (Philips TL 
8W/33XE3 tubes) during the light period was 30 μΕιτι 2 s " 1 . Previous experiments resulted 
in nearly complete germination within one week of all Rumex achenes under these conditions. 
Germination was defined as radicle emergence. Achenes not germinating within two weeks 
were stained with a 1 % (w/v) solution of tetrazoliumchlorid (Sigma) to test the viability 
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[109]. 
In order to compare the results of the artificial seed bank experiment with those of the 
natural seed bank, soil samples of the various zones were collected to get an impression of 
the momentary seed bank of Rumex species. The samples were collected in March 1986, i e. 
considerable time after achene release and just before spring germination. Soil samples were 
gathered on six randomly selected sites within the acetosa-, crispus- and palustris-zones. 
The soil cores had a diameter of 8 cm and a height of 6 cm. Shortly after collection every 
sample was divided into two layers (0-3 cm and 3-6 cm). The soil was removed by washing 
and sieving. Viability of the Rumex achenes was determined by germination under the 
aforementioned conditions and staining with the tetrazolium solution. The determination 
of each species was checked later when seedlings had further developed. 
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Figure 2: Cumulative germination (%) 
of surface-sown achenes of three Rumex 
species m three Rumex-habitats. A-
chenes were sown shortly after natural 
achene release. 
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Emergence of seedlings from buried achenes 
Achenes of the three Rumex species were buried in a reciprocal design. In every Rumex 
zone 15 experimental plots were created; five replicate plots per species. In the acetosa-zone 
and the crispus-zone the top soil layer (Ä;2 cm) was removed before sowing, to create a gap. 
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This procedure was not necessary in the palustris-zone since long-lasting floods in winter 
and spring resulted in mortality of nearly all established plants. In each plot (1.3 χ 0.8 m) 
achenes of one species were sown in five rows. Each row contained ten sites spaced at 10 
cm. At each site two achenes were sown at a depth of 1 cm (100 achenes per plot). Achenes 
were sown a few days after the onset of the growing season (acetosa-zone: April 3, 1987; 
crispus-zone: April 24, 1987; palustris-zone: August 2, 1988). Emergence of seedlings was 
recorded every three days during the early weeks of the experiment till once in every four 
weeks towards the end of the growing season. Grazing in the acetosa- and crispus-zone was 
mimicked by clipping the surrounding vegetation. 
RESULTS 
Germination after achene release 
Germination of R. acetosa achenes occurred in all Rumex zones (figure 2); however, the 
maximum percentage of germination was highest in the palustris-zone, intermediate in the 
crispus-zone and lower in the acetosa-zone, which was correlated positively with the soil-
moisture content of these zones (figure 3). Flooding of both the crispus- and palustris-zones 
during the last days of October probably caused a secondary dispersal of the remaining 
ungerminated achenes and burial in the seed bank via cracks in the clay soil. 




Figure 3: The mean soil-moisture .. 
content by volume (i 1 SD; n=3) of 
the top 5 cm layer of three Rumex-
zones during the autumn of 1986. й 
Month 
The crispus-zone was characterized by a higher maximum germination of both R. cnspus 
and R. palustris compared to the acetosa-zone. This difference was also positively corre­
lated with the soil-moisture content (figure 3). In these two species maximum germination 
of achenes without a perianth was always higher than that of achenes with a perianth. Ac­
cording to Harper [73]. prevention of germination by a fruit or achene coat represents a 
form of innate dormancy. Furthermore, in R. palustris germination was limited at all times 
compared to Й. crispus. In the case of these species flooding also caused secondary dispersal 
and buried in the seed bank. The palustris-zone was subjected to a flooding regime that 
almost completely prevented the germination of R. crispus and R. palustris after achene 
release in the autumn. 
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Viability of achenes in an artificial seed bank 
The number of viable achenes or the potential seedling recruitment in the artificial seed 
bank may decrease by prédation, germination and death of achenes [190]. A depletion of 
viable achenes caused by fauna prédation was negligible due to the fine mesh size of the nylon 
bags. Germination and achene mortality can be distinguished to some extent. Remnants of 
primary roots and achene coats were often found in the bags after germination. Death of 
achenes was characterized by a "swollen" morphology and the inability to become stained 
by tetrazolium. 
Achenes of R. acetosa, buried in the nylon bags in the different Дщтех-zones, showed 
a clear decline in the percentage of viable achenes to approximately 20 % after two years 
(figure 4). In all zones 35-40 % of the achenes germinated within two weeks, resulting in 
a sharp decrease of the number of viable achenes. The decline in the number of viable R. 
acetosa achenes in the acetosa-zone and the crispus-zone during the summer and spring 
of 1987 respectively was also caused by germination (figure 4). The decreasing number of 
viable achenes of R. acetosa in the palustris-zone, however, was related to achene mortality 
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Table 1: The mean number of viable Rumex achenes (± SD; η—6) per m2 m the sampled 
soil cores at two soil depths in three Rumex zones. 
Rumex acetosa 
0-3° 3-6 
Rumex acetosa 66±163 0 
Rumex cnspus 0 0 
Rumex palustris 0 0 




0 34± 82 
1856±1482 165±265 






(figure 4). Achenes of this species obviously could not resist frequent and prolonged floods. 
In all three zones most achenes of R. cnspus were still viable after two years of burial 
(figure 4). Nevertheless, differences in seed bank behaviour still existed between the three 
zones. In the crispus-zone, with frequent but short-lasting floods, some germination occurred 
during the growing seasons of 1987 and 1988 resulting in a decline in the number of viable 
achenes in the seed bank (figure 4). Rumex cnspus achenes buried in the palustns-zone 
showed no decline in the number of viable achenes. Long-lasting floods, even in the growing 
season did not affect the achene viability of this species. A viability of more than 80 % of 
R. cnspus achenes, buried for two years in the acetosa-zone, was observed. 
Nearly all R. palustris achenes remained viable (»90 %) after two years of burial in the 
various ñuTTiez-zones (figure 4). 
Since most viable achenes germinated readily after excavation, it is likely that soil con-
ditions enforced achene dormancy in these Rumex species. The results of the artificial seed 
bank experiment indicate that the seed banks of R. cnspus and R. palustns were rather 
persistent compared to R. acetosa. Transplantation of achenes into soils of other zones 
hardly influenced their behaviour, indicating that achene properties overrule the differences 
between the various Rumex zones. Knowing the seed bank behaviour of the studied Rumex 
species, high numbers of buried viable achenes of R. cnspus and R. palustns in their natural 
habitats and low numbers in the seed bank of R. acetosa were expected. This hypothesis 
was confirmed by the results presented in table 1, which also shows that most achenes of a 
particular species were found in their natural habitat. 
Emergence of seedlings from buried achenes 
In all zones R. acetosa seedlings emerged within the first 40 days after burial to a 
maximum of 40-50 % (figure 5). Very few achenes emerged during the remaining growing 
season. No emergence at all occurred during and after inundation periods in the summer 
(crispus-zone) and the autumn (palustns-zone). 
Limited seedling emergence of R. cnspus occurred in the acetosa-zone (maximum «30%), 
whereas a high germination percentage was observed in the palustris-zone. Intermediate ger-
mination percentages were observed in the natural habitat of R. cnspus (figure 5). Emer-
gence percentages appeared to be correlated positively with the soil-moisture content of the 
respective zones (figure 3). No seedling emergence took place during the floods. However, 
new seedlings of R. cnspus did emerge in the crispus-zone shortly after a summer flood 
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Figure 5: Cumulative seedling emergence (%; + 1 SD) of Rumex acetosa, R. cnspus and 
R. palustris; achenes buned at a depth of 1 cm m the various Rumex-habitats. Experiments 
started at the onset of the growing season (acetosa-zone) or after subsidence of winter/spring 
flood water (cnspus/palustns-zone). 
(figure 5). 
The emergence of R. palustris seedlings was characterized by low overall percentages 
(figure 5). Most seedlings were found in cracks caused by drying of the clay soil. The 
different zones showed no differences in seedling emergence and like both other species no 
seedling emergence occurred during flooding But, similar to R. cnspus, new seedlings 
emerged shortly after subsidence of the summer flood in the crispus-zone. 
D I S C U S S I O N 
The reciprocal transplant technique, using the plant as a phytometer [36], is commonly 
used to study life-cycle components of selection [3,102]. In our study this technique was 
used to demonstrate adaptations in the regenerative phase of three Rumex species in order 
to explain their distribution in an environmental gradient dominated by flooding. 
In R. acetosa the achenes are released from the flowering spike shortly after ripening 
(July/August). In both R. cnspus and R. palustris, however, achene release is delayed until 
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dispersal is enforced by the first autumm storms (October). During achene release most 
perianths of R. acetosa are separated from the achenes. The opposite is true for R. cnspus 
and R. palustris: achene drop does not release the achenes from the perianths. 
Achenes released by the mother plant may germinate on the soil surface or become 
buried in the seed bank. Germination of R. acetosa on the soil surface shortly after achene 
release strongly depends on the soil-moisture content, but is always more than 40 % in all 
zones. Early achcnc release, easy separation of perianth and achene and therefore lack of 
innate dormancy facilitate germination of this species in autumn. This is in agreement with 
observations of Putwain and Harper [123] and Roberts and Boddrell [134]. The natural 
habitat of R. acetosa is a meadow with a dense vegetation. After mowing in summer the 
sward becomes relatively open and the trampling of cattle and activities of moles causes 
additional gaps. It is therefore advantageous for JÏ. acetosa achenes to germinate and 
establish themselves in autumn. Floods only seldomly interfere with the establishment of 
R. acetosa seedlings in their natural habitat, due to their elevated position in the flooding 
gradient. 
Presumably only a very limited number of achenes of R. acetosa remain ungerminated 
and will eventually become buried in the seed bank. The number of achenes entering the 
seed bank will vary from year to year due to annual variations in surface germination related 
to the moisture content of the top soil layer. This is in agreement with Oomes and Elberse 
[116] who showed that R. acetosa germinated less uniformly and at a lower rate in micro-
sites with low soil humidity. 
Germination of R. cnspus and R. palustris after achene drop (all achenes being enclosed 
in perianths) is limited and mostly delayed to next spring or summer. This may be ex-
plained by the delayed achene release from the mother plant till late autumn with relatively 
low temperatures and by the innate dormancy imposed by the perianths. Inhibition of ger-
mination due to the presence of the perianth has been described for R. obtusifolms and R. 
cnspus [34]. The natural habitats of R. cnspus and R. palustns are characterized by pro-
longed winter floods. Germination and establishment shortly before this inundation period 
would probably result in high seedling mortality. 
More than 90 % of the achenes released by R. cnspus and R. palustns will either enter 
the seed bank before or due to the winter flooding or float on the water surface to other 
riparian habitats. In contrast to R. acetosa, both R. palustns and, to a lesser extent, R. 
cnspus will float for several months under laboratory conditions [24]. According to Cook 
[39] wind may also play an important role in achene dispersal by water by blowing floating 
material over large distances. 
The data of the artificial seed bank experiment showed that the seed bank of R. acetosa 
can be classified as type I or III, according to Thompson and Grime [171], depending on the 
annual variation in germination after achene release, whereas seed banks of R. cnspus and 
R. palustns belong to the more persistent type (IV). The less persistent character of the R. 
acetosa seed bank is consistent with observations in the literature [68,134,195]. The innate 
dormancy imposed by the perianth observed in R. cnspus and R. palustns, causes a delay 
in germination and therefore increases the chance of burial [171]. It is known that many 
plants species from marshes and wet sites possess large persistent seed banks [67,98,178]. 
The number of seedlings emerging from superficially buried achenes strongly differs be-
tween R. cnspus and R. palustns. This phenomenon and the observation that most seedlings 
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of R. palustris emerged from soil cracks suggest that this species requires light for germi­
nation. Dark germination of R. cnspus can be stimulated by alternating temperatures 
[137,184]. This might explain the relatively high seedling emergence in this species in all 
zones compared to R palustris. 
No seedlings emerged and it is highly unlikely that achenes germinated during floods. 
Hypoxic or anoxic soil conditions probably prevented the germination of these three Rumex 
species. Most higher plants are unable to germinate when deprived of oxygen [2,44]. Only 
a few aquatic species are known to be able to germinate under anaerobic soil conditions 
[82,92,111,157]. 
In contrast to R. cnspus and R. palustris, no R. acetosa seedlings emerged after summer 
floods. Seedling emergence shortly after such a flooding period should be advantageous, 
since flooding may result in destruction of established plants and consequently in reduction 
of the competitive interference The lack of seedling emergence of R. acetosa after a flooding 
period during summer must therefore be considered less adaptive. 
In summary the following conclusions can be drawn: 
1. Duration and predictability of winter floods, gap-creation and sward density control 
the timing of germination via achene release behaviour and perianth characteristics: 
R. acetosa germinating predominantly in autumn, while R. cnspus and R. palustns 
germinate mainly in spring and summer. Rumex species occurring in the lower, fre­
quently flooded zones are able to continue germination and seedling emergence after 
summer floods, whereas R. acetosa, a representative of seldomly flooded areas, is 
unable to do so. 
2. The seed bank type is related to the flooding regime: R. palustns and R. cnspus from 
frequently flooded habitats having the most persistent seed banks, whereas R. acetosa, 
occurring in seldomly inundated zones, has a more transient seed bank. 
3. Germination and seed bank characteristics of the Rumex species under study fit well 
within the demands of their natural habitats. However, although germination and 
seedling emergence of all species may occur in all Rumex zones, timing of germination 
often restricts establishment of R. acetosa in zones with long-lasting winter floods 
and of R. cnspus and R. palustns in the densely vegetated acetosa-zone, whereas the 
transient seed bank of R. acetosa limits its long-term survival in frequently flooded 
areas. 
Acknowledgements 
The authors would like to thank FA van Duuren, 1С van Duren, MCC de Graaf, and 
Ing HM van der Steeg for assistance during the field work. 
30 
CHAPTER 3 
with MCC de Graaf and CWPM Blom 
31 

E M E R G E N C E A N D ESTABLISHMENT OF R U M E X SPECIES IN A 
FLOODING G R A D I E N T : 
II. T H E E F F E C T S OF P E R I A N T H , T E M P E R A T U R E , LIGHT A N D 
ANAEROBIOSIS ON G E R M I N A T I O N 
A B S T R A C T 
The germination responses of Rumex acetosa, R. crispus and R. palustris 
were studied in relation to perianth-imposed innate dormancy, temperature, 
light and anaerobiosis. The perianth-imposed innate dormancy in R. crispus 
and R. palustris is possibly related to light filtering through the perianth and/or 
inhibited water uptake due to a water repulsive layer around the perianths. 
Rumex acetosa is able to germinate at a constant rate over a wide range of 
temperatures, whereas both other species are characterized by fast and maxi-
mal germination at temperature regimes with high upper temperatures; in this 
sense R. palustris was most extreme. In R. acetosa germination in light and 
dark is independent of diurnal fluctuating temperatures. Dark germination in 
R. crispus is st imulated by alternating temperatures. Rumex palustris needs 
both light and fluctuating temperatures to induce germination. Differences in 
germination behaviour in relation to light and temperature are discussed in re-
lation to the phytochrome regulation of Rumex germination. Both R. crispus 
and R. palustris are able to germinate at lower oxygen concentrations than R. 
acetosa, which is also unable to survive a prolonged hypoxic incubation. The 
results are discussed in relation to the distribution of the three Rumex species 
in a flooding gradient of a river area. 
I N T R O D U C T I O N 
Dutch river areas are characterized by unpredictable floods in both winter and summer 
[24,180]. Especially inundations during the summer have a strong impact on the ecology 
of plant species in the river floodplain [32]. Species belonging to the cosmopolitan genus 
Rumex show a clear distribution in zones in the river area. Rumcx acetosa L. occurs mainly 
on seldomly flooded dikes and river levees, whereas R. palustris Sm. is found on long and 
frequently flooded mud flats along old river beds. A third species, R. crispus L., occupies 
more intermediate locations with respect to the flooding gradient [23,180]. It is assumed 
that floods, caused by discharge of melting snow and/or rain water from the upper and 
middle reaches of the Rhine, determine the distribution of Rumex species in the Dutch river 
flood plains. Since floods may interfere with all phases of the Rumex life cycle, all plant 
stages must be studied with respect to their interactions with different flooding regimes [see 
18,119]. Reciprocal field experiments on germination, seedling emergence and seed bank 
ecology, described in chapter 2 of this thesis, allowed the following main conclusions: 
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1. In R. acetosa autumn germination is facilitated by early achene release from the mother 
plant, easy separation of perianth and achene and. therefore, the absence of perianth-
imposed innate dormancy. 
2. The seed bank of R.acetosa has a transient character: floods cause achene mortality. 
3. No seedling emergence of R. acetosa has been observed immediately after a flooding 
in summer. 
4. Achenes of R. enspus and R. palustris predominantly germinate in spring and summer. 
Autumn germination is strongly inhibited by delayed achene release and perianth-
imposed innate dormancy. 
5. Both R. enspus and R. palustris have a persistent seed bank; achenes are highly 
resistant for prolonged floods. 
6. Additional seedling emergence was observed in both R. enspus and R. palustris shortly 
after subsidence of a summer flood. 
The germination physiology of some individual Rumex species has been described [7,9,03, 
71,83,164,105,107,108,174,179]. However, studies with a comparative ecophysiological ap­
proach are rare [see 10,09,70,173]. This paper describes the results of comparative labora­
tory experiments designed to test the hypothesis that the differences in field germination, 
seedling emergence and seed bank behaviour between R. acetosa, R. enspus and R. palustris 
are based on differences in achene and germination characteristics. The influence of peri­
anth. temperature, light, stratification and hypoxia on germination and seedling emergence 
of the three Runici species have been compared and related to the field situation. 
MATERIAL A N D M E T H O D S 
General germination procedures 
Some common characteristics of the Rumex species under study and specific information 
about their natural habitats in Dutch river areas have been reported in chapter 2 of this 
thesis; mean achene sizes and weights are described in chapter 0. Germination experiments 
were performed with achenes collected in the Nijmegen river area region (The Netherlands) 
in 1980, 1987 and 1988. Achene mixtures of several plants belonging to one population 
were used in all experiments; they were stored under dry and dark conditions at room 
temperature until used. 
In all germination tests 40 or 50 achenes (4 replicates) were incubated on two layers 
of Schleicher and Schuil filter paper in glass petri-dishes (diameter 70 mm). Achenes were 
considered to have germinated after radicle emergence. To test germination under dark con­
ditions petri-dishes were wrapped in two layers of aluminium foil. Germination was recorded 
under dim green safelight (TL 33; 20 W; wrapped in several layers of green cellophane). No 
germination occurred when achenes were exposed continuously to these green light condi­
tions [see 19]. In experiments with diurnal fluctuating temperatures the lower temperature 
was always given during the night period of 12 hours All germination tests were performed 
in cabins illuminated at a photosynthetic photon flux density of 15-30 μΕη\~25 ' . Germina­
tion experiments with reduced oxygen concentrations were performed in desiccators which 
were flushed with air-nitrogen mixtures (Hi Tec gas mixers; accuracy: ± 0.1 %) for 30 min­
utes at the onset of an experiment and for 10 minutes during every subsequent day. The 
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filter papers in the petri-dishes were moistened with hypoxic water (0.20 ± 0.02 mg l^'Oo)· 
To simulate storage in a flooded soil, achenes were incubated in 30 ml flasks (40 achenes per 
flask) filled with hypoxic water (24 hours bubbled with 'Si', oxygen concentration: 0.20 ± 
0 02 nig l^'fsee 51)). These flasks were stoppered with serum-vial caps and placed in 1.5 1 
glass pots filled with a reducing solution of cysteine HCl (0.1 g I"1) and an oxygen indicator 
resazurine (1 ml I"1 of a 0.01 % solution). These pots were closed air-tight and wrapped in 
two layers of aluminium foil. 
After termination of all experiments the non-germinated achenes were placed at a tem-
perature regime of 10/25 "C in light for a two-week period. In previous experiments these 
conditions gave nearly 100 % germination in all species. Those that did not germinate 
after this period and were also unable to stain red in a 1 % tetrazoliumchlorid solution 
(Sigiiia)[109] were assumed to be dead. Nonparametrical Wilcoxon tests were used to ana-
lyse the geimination data [159]. 
Rumex cnspus Rumei palustris 
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Figure 1: The effect of the presence of per­
ianths on the germination of achenes (i 
1 SE) of Rumex cnspus and R. palustris 
during two temperature regimes. Achcnc 
age 1988: experiment carried out 4/89. 
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Figure 2: The effect of washing with ace­
tone and water prior to germination (A. 1 
SE) of achenes enclosed by perianths of 
Rumex cnspus and R. palustris at a tevi-
pcraturc regime of 10/25 ' C. The results 
are compared with germination percen­
tages f-L 1 SE) of achenes without peri­
anths. Achenc age 1988; experiment car­
ried out 5/89 
Experiments 
Perianths 
Experiments were designed to test whether the observed perianth-imposed innate dor­
mancy of R. cnspus and R. palustns (chapter 2 in this thesis) was related to chemical 
inhibitors or to the restricted uptake and perception of water and light respectively. 
A germination experiment was performed with achenes with and without perianths at 
two temperature regimes (10/15 ''C; 10/25 0 C). Radicle emergence was recorded at 2-3-day 
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intervals over a 14-day period. The germination data were corrected for the time lag (1 day) 
between actual radicle emergence and radicle emergence outside the perianth. 
The influence of chemical inhibitors was tested by allowing achenes to germinate on 
two layers of filter paper with crushed perianths (Cyclotec 1093 Sample Mill (Tecator)) in 
between. In another test, germination of achenes was recorded on filter paper moistened 
with a perianth extract (a filtered mixture of water and perianth powder). Both experiments 
were performed at two temperature regimes (20/20 "C; 10/25 °C) and with twice the amount 
of perianth that possibly could interfere with achene germination under natural conditions. 
The influence of perianths on water uptake was tested with a pretreatment in which 
Rumex achenes with perianths were shaken vigorously with acetone (3 hours). In the controls 
acetone was replaced by water. Hereafter the achenes enclosed by perianths were allowed 
to dry for 24 hours at 35 0 C , after which they were allowed to germinate at a temperature 
regime of 10/25 0 C . 
The influence of light-filtering properties on germination was tested with experiments 
under a light filter of perianth powder. This layer of crushed perianths was homogeneously 
glued (Lero glue) on a cut-away of a dish wrapped in aluminium foil. Germination was 
recorded under dim green safe-light and compared with controls that had only glue and no 
perianth powder on the cut-away and controls in which light interference was completely 
blocked (dark-conditions). Temperature regimes were selected that resulted in a low dark 
germination and a high light germination (Д. cnspus: 25/25 °C; R. palustris: 10/25 C C). 
Only under these conditions eventual light filtering duo to the perianth will result in a 
germination percentage that is lower than that obtained under light conditions. 
flu mei palustris 10/25 Rum« cnspus 25/25 
Figure 3: The influence of light filtered 
through a layer of perianth powder on a-
chene germination (4: 1 SE) of Rumex cns­
pus (25/25 °C) arid R. palustris (10/25 °C). 
The final germination is compared with dark 
germination (± 1 SE). Achene age 1986; ex­
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Temperature, light and cold stratification 
The influence of various temperature regimes (10/10; 10/15; 10/20; 10/25; 10/30; 10/35 
C C), simulating a range of possible field temperatures, on final germination and germination 
rate in a dark/light regime was tested. Germination was recorded nearly every day over a 
14-day period. The germination rate (% per day) was calculated over the period in which 
85 % of the germinated achenes had germinated [see 80,189]. 
Alternating temperatures can induce germination in darkness in some Rumex species 
[164,173]. To test whether this is also the case with the species under study, achenes were 
allowed to germinate at various amplitudes of diurnal fluctuations of temperature below a 
base temperature of 25 0 C (25/25; 25/22; 25/19: 25/16; 25/13 0 C). This experiment lasted 
14-day s and was performed in a dark/light regime and under continuous darkness. 
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Light responses in seeds are under phytochrome control. In light sensitive seeds germina-
tion is promoted by red light and inhibited by far red light [133]. The phytochrome control 
interacting with alternating temperature or cold-stratification was studied on imbibed a-
chenes maintained in the dark at a constant temperature of 20 0C. Treatments were given 
as pulses of red light (R)(5 minutes; Philips TL 33; 20 W; wrapped in several layers of red 
Rutnei acetosa 
-Germination ( V · ) -
Figure 4'· The effect of various tempera-
ture regimes given m a dark/light rhythm 
on final germination, germination rate (cal-
culated over the period m which 85 % of the 
germinated achenes germinated) and num-
ber of days (± 1 SE) until the onset of ger-
mination of Rumex acetosa, R. cnspus and 
R. palustris. Achene age R. acetosa: 1987: 
R.cnspus/R.palustris: 1986; experiment ear-
ned out 8-10/87. 
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cellophane; light intensity: 1 W m - 2 ) and as pulses of far red light (FR)(5 minutes; Philips 
Infrared light (150 W) above a water layer (3 cm), a red filter (plexiglass nr. 501) and a 
blue filter (plexiglass nr. 627); light intensity: 1 W m " 2 ) . These treatments were applied 
after 24 hours of imbibition. The alternating temperature treatment, simulated by a single 
35 °C temperature pulse (30 minutes) given after 24 hours of imbibition, was conducted by 
submergence of the tested achenes, placed in a small perforated tube, in a water bath. This 
treatment was performed under dim green safe-light. Cold stratification was achieved by 




To test the influence of low oxygen concentrations on gemiination, Rumex achenes were 
exposed to concentrations of 0. 1. 2, 4, 8 and 21 % oxygen under a temperature regime of 
10/25 0 C . The final number of germinated achenes was recorded after 14 days. 
Achene survival after a hypoxic pretreatment of 0, 2. 4. 8, 12, 20 and 26 weeks was 
tested at two pretreatment incubation temperatures: 4 and 20 "C. After the hypoxia period 
achene vitality was tested by aerobic germination under a temperature regime of 10/25 ' C 
for 14-davs. 
RESULTS 
The influence of perianths on germination 
The germination of R. crispus and R. palustris is slowed down by the presence of peri­
anths under both temperature regimes. In nearly all cases perianths induced a lower final 
germination. The relatively strongest reduction in germination rate is observed at the low 
temperature regime (10/15 0C)(figure 1) 
Both perianth powder and extract had no effect on either germination rate or on total 
germination of R. crispus and R palustris (data not shown). 
The acetone-pretreatment stimulated the germination rate of R. cnspus achenes enclosed 
by perianths. No effect was observed in R. palustris (figure 2). In both species the acetone-
pretreatment had no influence on the germination of achenes without perianths (data not 
shown). 
Rumei acetosa Rum« palustris 
25/ 25/ 25/ К/ 25/25/ 25/ 25/ 25/ 25/25/ 25/ 25/ 25/ 25/ 
/25 /22 /19 /16 /13/25 /22 /19 /16 /D/25 /22 /В /16 /13 
Fluctuation |°С) 
Figure 5: The influence of various amplitudes of diurnal fluctuation of temperature below a 
base temperature of 25 "C on light and dark germination (± 1 SE) of Rumex acetosa, R. 
cnspus and R. palustris. Achene age 1988; experiment earned out 5-6/89. 
Light filtering through a layer of perianth powder reduced the total germination of R. 
crispus: in R. palustris perianth light-filtering reduced the germination rate only slightly 
(figure 3). 
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Temperature in relation to light and dark germination 
To establish the relation between germination and temperature in a dark/light regime 
the use of a range of constant temperatures was deliberately avoided. This procedure was 
selected in order to make more realistic comparisons with germination under field condi­
tions, thereby accepting difficulties to discriminate between pure temperature effects and 
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Figure 6: The effect of 5 minutes of red light (R) and far red light (FR), 30 minutes of 
35 ° С (35) and 37-days of cold stratification (Stmt.)(4 "C) on dark germination (± 1 SE) 
of Rumex acetosa, R. cnspus and R. palustris at 20 °C. Athene age R.acetosa: 1987; 
R.ertspus/R.palustris: 1986; experiment earned out 12/87 and 3/88. 
Under light conditions considerable differences between the Rumex species were observed 
in the responses of achencs exposed to various temperature regimes (figure 4). In R. acetosa 
maximum germination and high germination rates were observed during 10/10, 10/15, 10/20 
and 10/25 0 C treatments. The temperature regime with the highest day temperature (35 0 C) 
resulted in a reduced maximum germination. Both other species, however, showed maximum 
germination, high germination rates and a short pre-germination period during temperature 
regimes with high day temperatures. In this sense R. palustris was most extreme with a 
15-fold increase in germination rate when changing the temperature regime from 10/15 °C 
to 10/25 or 10/30 0 C . 
In R. acetosa both light and dark germination are independent of the amplitude of diurnal 
fluctuating temperatures (figure 5). Rumex cnspus showed a stimulation of germination by 
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fluctuating temperatures in darkness. A stimulation of light germination by a few degrees of 
temperature alternation was observed in R. palustris; dark germination was hardly affected 
by fluctuating temperatures (figure 5). 
Phytochrome control and interactions with temperature and cold-stratification 
Rumex acetosa showed a relatively high level of germination in darkness. An even higher 
level of germination was induced by red light (R), red light followed by 35 0C (R-35) and 
cold stratification-R treatments. The promotive effect of R light was significantly reversed 
by 5 minutes of far red light (FR) (figure 6). 
Rumex cnspus is characterized by a low level of germination in the dark at 20 0C. 
Short pulses of R and 35 °C exert a promotive effect. The induction of germination by 
R can be reversed by exposure to 5 minutes of FR. Treatment combinations (R-35; Cold 
stratification-R) resulted in germination up to 100 %. FR pulses only slightly reversed the 
cold stratification-R germination, indicating that stratification alone also strongly promotes 
germination (figure 6). 
Table 1: The effect of oxygen concentration on the germination (± 1 SE) of three Rumex 
species at a temperature regime of 10/25 °C (dark/light). Achene age 1986; experiment 































In R. palustris no germination in darkness was observed, whereas R and 35 °C pulses 
promoted germination in the dark at 20 °C only slightly. However, the small promotion by 
R light was reversed by FR. Germination was significantly promoted when R pulses were 
combined with 30 minutes of exposure to 35 0C or cold stratification. FR completely reversed 
the stimulation of stratification-R promotion. Since FR can reverse R-induced germination 
it is likely that stratification alone does not stimulate germination in R. palustris (figure 6). 
Survival and germination during and after anaerobiosis 
All Rumex species under study were unable to germinate under anaerobic conditions. 
Achenes of both R. cnspus and R. palustris were able to germinate for nearly 100 % at a 
oxygen concentration of 2 %. Germination of R. acetosa, however, was still completely in-
hibited at an oxygen concentration of 2 %; higher concentrations were necessary to promote 
germination of this species (table 1). 
In R. acetosa achene survival after a hypoxia pretreatment depended on both incubation 
temperature and duration of the treatment (table 2). The highest mortality was observed 
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Table 2: The effect of hypoxia pretreatments with a variable length given at two temperatures 




























during the 20 "С pretreatment; after 26 weeks nearly all achenes of R. acetosa were dead. 
In both R. enspus and R. palustris no mortality at all was observed at both incubation 
temperatures after a hypoxic pretreatment of 26 weeks (data not shown). 
D I S C U S S I O N 
Primary dispersal of Rumex achenes is consistently accompanied by achene drop on the 
soil surface. Until the achenes are buried in the seed bank the influence of perianths (not. 
in R. acetosa) and environmental conditions near the soil surface determine the fraction 
of the achene population that germinates (see chapter 2 of this thesis). Achenes of R. 
enspus and R. palustris, not enclosed by perianths, germinate fast and nearly maximal when 
exposed to alternating temperatures in the light. Slower germination rates and often lower 
final germination percentages of achenes enclosed by perianths in both species are probably 
related to light filtering properties of the perianths. It is not yet clear whether this is related 
to a modified spectral composition [15,160] and/or to a reduction of the light fluence rate. 
We do know that a thin layer of perianth powder of both species resulted in an increase in 
light absorption in the short wavelength regions (data not shown). Therefore, light filtered 
through this layer results in a reduced R/FR ratio. In R. enspus, a promotive effect on 
germination of achenes with perianths was also observed after washing with acetone. This 
suggests that acetone removes a water repulsive layer covering the perianths, leading to 
water uptake and germination of the achene. Dormancy related to interference with water 
uptake has been described for various plants by Taylorson and Hendricks [169] and Bewley 
and Black [15]. The influence of possible chemical germination inhibitors in the achenes' 
covering structures as reported for several other plant species [15] is negligible in the studied 
Rumex species. 
According to their germination in the light (figure 4) the Rumex species under study can 
be classified into two groups: 
1. Rumex acetosa which is capable of germination at a fairly constant rate over a wide 
range of temperatures. 
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2. Ruma, palustris and to a lesser extent R. crispas which are both characterized by fast 
and maximal germination, whenever the upper temperatures are high (> 20 'C). 
Germination at low temperatures (< 7 C) as well as over a wide range of temperatures is a 
common feature in grassland plants, whereas high upper temperature limits and relatively 
small ranges of germination temperatures are characteristic for plants from wet sites [70]. 
The responses of R. acetosa, R. cnspus and R. palustris respectively towards diurnal 
fluctuating temperatures (figure 5) fit into the three groups which were first distinghuished 
by Thompson and Grime [172]: 
1. Species with a high level of ultimate germination in light and dark, independent of the 
amplitude of temperature alternations. Plants belonging to this group (predominantly 
grasses) have relatively large seeds or achenes, which are mostly unable to accumulate 
in a buried seed bank. 
2. Species in which dark germination is stimulated by fluctuating temperatures. Thomp­
son and Grime [172] suggested that sensitivity to fluctuating temperatures acts as a 
depth-sensing and gap-detecting mechanism and even mentioned an example in which 
seedlings of R. cnspus appeared in gaps. 
3. Species who require both light and fluctuating temperatures for germination. Many 
wetland species with small seeds or achenes belong to this group; their sensitivity 
to temperature alternations may be seen as a mechanism ensuring germination in a 
period (non-flooded summertime) most suitable for succesfull seedling establishment 
[172,173]. 
The reversibility between R and FR irradiation indicates that germination in all three 
species is under control of the phytochrome system. These results correspond fairly well 
with those obtained by Gambi [63]. High dark germination of R. acetosa is probably related 
to high levels of the active form of phytochrome (Р^д) or ''trapped - ' intermediates of the 
transformation of P R to P F R , which are conversed to P ^ R during imbibition [15,62]. R-FR 
treatments led to a reduction of the germination below the level in the dark, indicating an 
initial high level of pre-existing Р р
Л
 [122]. Failure of FR to inhibit germination of R. acetosa 
completely, is probably due to continued germination at low PFR concentrations established 
by FR. The lower ultimate level of germination of R. acetosa during the 10/35 0C treatment 
(figure 4) might be attributed to reversion of P F R to the inactive form P R , which can occur 
rapidly at higher temperatures [15]. 
In R. cnspus one temperature treatment of 35 0 C for 30 minutes stimulated the ger­
mination up to 81.2 %. Analogous to the results obtained by Taylorson and Hendricks 
[168] we observed a reduced final germination level (48.5 %) when FR irradiation preceded 
the temperature pulse (data not shown). This indicates that lowering of the P F R levels by 
FR reduces germination induced by 35 "C pulses. The 35 °C pulse promotes germination 
by decreasing the threshold of P F R necessary to stimulate germination [71,166]. Recently, 
however, Takaki et al. [164] reported that high dark germination after a 35 °C treatment in 
R. obtusifohus does not result from increased sensitivity to P F K : they suggest that a non-
phytochrome-related process is responsible for temperature-stimulated dark germination. 
Only a very slight stimulation of germination was observed when imbibed achenes of R. 
palustris were exposed to R irradiation. Repeated pulses and longer irradiation times also 
failed to promote germination in this species under constant temperatures (figure 5). When 
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a 30 minutes exposure to 35 0 C or a chilling period of 6 weeks (4 "С) was combined with 
an R treatment, germination of R. palustris was significantly stimulated. Both temperature 
treatments probably sensitized achenes to Р^я [15,201]. This increased sensitivity alone is 
obviously not enough to stimulate action of the low level of pre-existing Ρ m as observed in 
R. cnspus. Additional R irradiation is needed to increase the concentration of Р^л above 
the threshold necessary to stimulate germination. A stimulating effect of cold stratification 
and a 35 ' С pulse is also observed in R. crispus and R. acetosa. In R. cnspus stratification 
alone will probably also stimulate germination (see stratification-FR; figure 6). On the 
other hand in R. palustris combination with a light treatment is a necessity for germination. 
No germination was observed when cold stratification was combined with a 35 °C pulse 
(data not shown). In contrast to R. cnspus and R. acetosa, germination of R. palustns is 
obligatory light dependent. 
Flooding causes anoxic or hypoxic soil conditions [121]. Rumex achenes do not germinate 
in the complete absence of oxygen (table 1); this is in accordance with the germination 
behaviour of the seeds or achenes of most terrestrial plants [2,78]. The various Rumex 
species, however, differed in their germination response to low oxygen concentrations. The 
responsiveness of both R. cnspus and R. palustns to very low oxygen concentrations might 
facilitate germination shortly after subsidence of the flood water. 
Differences between the Rumex species have also been observed in the survival of a 
hypoxic period. Rumex acetosa was not resistant towards a hypoxic achene environment, 
especially at a higher temperature (20 0C)(figure 8). Ecologically, seeds or achenes form 
a mode to survive environmental catastrophes that eliminate all established plants [170]. 
It is, therefore, concluded that lack of hypoxia resistance of achenes of R. acetosa strongly 
limits the distribution of this species in a frequently flooded areas. 
Ecological implications 
Under field conditions achenes of R. acetosa predominantly germinate during late sum­
mer and autumn. The ability of R. acetosa to germinate at relatively low temperatures is 
advantageous for autumn germination. Light filtered through the leaf canopy of a grassland 
will probably not influence the germination of R. acetosa, since its germination is fairly 
independent of the red/far-red ratio. It can be concluded that autumn germination of R. 
acetosa in time and place will depend solely on the soil moisture content. The accumula­
tion of a buried seed bank of R. acetosa in the river area is strongly inhibited by the light 
independence of germinating achenes and their lack of resistance towards hypoxic periods 
with relatively high temperatures (floods in summer). The lack of seedling emergence af­
ter a flooding , as observed in R. acetosa, is probably related to achene mortality due to 
anaerobic soil conditions. 
The light filtering and/or the inhibited water uptake through perianths enclosing ach­
enes of R. cnspus and R. palustns, delay and prevent germination after achene release late 
in the autumn (October). Fast and maximal germination of these species is attained dur­
ing conditions with high temperatures (figure 4); relatively low autumn temperatures will 
therefore also restrict germination. The small achene size of R. palustns, the dark inhibition 
of germination in R. cnspus and R. palustns and the flooding resistance of their achenes 
promote the accumulation of a buried seed bank in the river area. Dark germination of 
R. cnspus from the seed bank during the spring is stimulated by winter chilling and the 
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amplitude increase of alternating temperatures after subsidence of the winter flood. Later 
during the growing season, when the vegetation canopy is closed in the natural zone of R. 
cnspus, temperature alternations are damped off [e.g. 173]. Since dark germination of R. 
cnspus under constant temperatures is low, germination and seedling emergence during the 
remaining growing season is restricted to gaps. Stimulated germination shortly after a flood-
ing period in the growing season can be explained by the flooding resistance of achenes, the 
increase in temperature fluctuations caused by destruction of the canopy (gap-creation) and 
the ability of R. crtspus to germinate at relatively low oxygen concentrations. Due to the 
obligatory need for light in combination with alternating temperatures or cold stratification 
the germination of R. palustris on mud flats in the river area in late spring or summer is 
mainly restricted to cracks in the clay which develop after subsidence of the flood water. 
Germination of R. palustris in the river area immediately after a short flooding in the grow-
ing season can be attributed to the high summer temperatures, the flooding resistance of 
achenes and the ability to germinate at relatively low oxygen concentrations. 
Within the life cycle of Rumcx species the achene phase has an important impact on 
the zonated distribution of the species in the river area. Seed bank type and the timing of 
germination, both related to specific achene and germination characteristics, of the three 
species can be linked to their growing sites in the flooding gradient. In R. acetosa achene 
properties prevent a continued regeneration in frequently flooded regions like the crispus-
and palustris-zone. Germination of R. cnspus and R. palustris in the acetosa-zone during 
spring and summer is prevented by the closed sward in the acetosa-zone during this time 
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E M E R G E N C E A N D ESTABLISHMENT OF R U M E X SPECIES IN A 
FLOODING G R A D I E N T : 
III. FLOODING RESISTANCE OF SEEDLINGS 
A B S T R A C T 
This study deals with resistance to complete submergence of seedlings of 
Rumex acetosa, R. crispus and R. palustris. Seedlings of R. crispus and R. 
palustris appeared to be more resistant to flooding than those of R. acetosa un-
der both field and greenhouse conditions. Younger seedlings of all species were 
able to survive a longer flooding period than older ones. W h e n completely sub-
merged the three Rumex species showed a low, but significant, photosynthetic 
activity. In R. crispus and R. palustris photosynthetically produced oxygen is 
released by the roots. Excised root tips of R. crispus and R. palustris were 
relatively tolerant to hypoxia, which was associated with a high rate of alcoholic 
fermentation. In contrast, root tips of R. acetosa showed low hypoxia tolerance 
as well as a low rate of alcoholic fermentation. The overall resistance to flooding 
of Rumex seedlings established from field, greenhouse and laboratory experi-
ments showed a relationship with their site distribution in a flooding gradient 
of Rhine river. 
I N T R O D U C T I O N 
In Dutch river areas Rumex acetosa L., Rumex enspus L. and Rumex palustris Sm. 
have a distinct vertical distribution range. Rumex acetosa is frequently found on elevated, 
seldomly-flooded sites in the river area. Rumex palustris on the other hand, occurs on 
sites characterized by frequent and prolonged inundation, whereas R. crispus occupies in-
termediate positions in this flooding gradient [180]. Flooding in winter and summer, caused 
by an enhanced discharge of melting snow and/or rain water from the upper and middle 
reaches of the Rhine, are unpredictable and may affect plants at different stages of the life 
cycle In order to explain the distribution of these Rumex species it is essential to study the 
adaptations of these species to flooding at all stages of their life cycle [22]. Characteristics 
of seed bank, germination and vegetative phase in relation to flooding have been described 
previously [180.181,182,183]. Seedling establishment in relation to flooding resistance will 
be discussed in this paper. According to Fenner [58] the establishment phase of a plant can 
be defined as a period during which it still uses some of the seeds nutrient reserves. Flooding 
during seedling establishment most often results in the complete submergence of the plant. 
It is known that both R. crispus and R. palustris can restore leaf-atmosphere contact by 
enhanced cell elongation in petioles, mediated by the gaseous hormone ethylene [182,183]. 
However, small seedlings can only overgrow a few centimeters of water, thereby limiting the 
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adaptive value of this response. It would be of great advantage for establishment of Rumex 
in frequently flooded areas if seedlings were able to survive the severe conditions of complete 
submergence. 
In submerged shoots the diffusion of atmospheric oxygen via the shoots to the roots is 
restricted [65]. In terrestrial plants the photosynthetic rate of submerged shoots will decline 
dramatically, since aqueous solutions have a high diffusion resistance for CO2 [27]. It has 
been reported that photosynthesis of some submerged aquatic macrophytes may result in 
oxygen release from the roots [138,143,153]. Recently. Gaynard and Armstrong [65] showed 
that photosynthetic activity of the wetland plant Enophorum angushfolmm enhanced root 
aeration during submergence. The use of photosynthetic oxygen for aerobic root respiration 
depends, however, on internal oxygen transport via aerenchyma [5]. 
Inundation cuts off gas exchange between soil and atmosphere, which results, in com-
bination with a continued respiration of roots and microorganisms, in hypoxic or anoxic 
soil conditions [121]. The lack of oxygen is probably the most important factor limiting 
the growth and survival of higher plants in these habitats [126]. If the transport of oxygen 
via aerenchymatous tissues is inadequate [49] or impossible due to the lack of a connection 
between the submerged tissue and a source of oxygen, other adaptations, involving modifi-
cations of cell metabolism, become essential in the survival of hypoxic or anoxic conditions 
[126]. There is ample evidence that alcoholic fermentation is the main mode of respira-
tion under anaerobic conditions [13,107,127,141,154.155,175]. For example Roberts et al. 
[135] showed that differences in the rate of ethanol production between maize varieties are 
correlated with differences in survival of root tips under hypoxia. Relatively minor differ-
ences in the metabolism of flooding-tolerant and -intolerant plants may well occur and be 
of considerable ecological significance [126,175]. 
The aim of the present work is to clarify the flooding resistance of Rumex seedlings 
and the importance of the established phase in the Rumex zonation in a flooding gradient. 
A reciprocal establishment experiment was performed to study seedling establishment un-
der field conditions, whereas the flooding resistance of whole seedlings was tested in the 
greenhouse. Since it was expected that adaptation to survive submerged conditions are 
important for establishment in frequently flooded sites, the physiological part of this study 
was focussed on differences in photosynthesis of leaves under water and the release of pho-
tosynthetic oxygen by the roots, on the m vitro root tip survival during hypoxia and on 
alcoholic fermentation of R. acetosa, R. cnspus and ñ . palustris. 
MATERIAL A N D M E T H O D S 
Reciprocal establishment of seedlings under field conditions 
The field experiment was performed at locations near the Waal, a major river of the 
Rhine delta. In the three zones, each characterized by the specific occurrence of one of the 
Rumex species , 15 plots per zone were laid out with dimensions of 1.3 χ 0.8 m. The turf 
layer (2-3 cm) was removed in order to create a gap suitable for seedling establishment. This 
was not necessary in the palustris-zone (site with R. palustris) since the long lasting spring 
flood of 1988 caused death of all established plants. In five plots per species per zone achenes 
were sown in a grid pattern. Each plot contained 50 sowing sites with two achenes placed at 
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a substrate depth of 1 cm. The plots were sown at the start of the growing season in every 
zone. In the acetosa-zone this was on April 3, 1987. In both the crispus- and palustris-zones 
initiation of the growing season coincided with the subsidence of winter and spring floods 
(crispus-zone: April 24, 1987; palustris-zone: August 2. 1988). The achenes used for this 
experiment were collected in the experimental sites in 1986. Before sowing, achenes were 
dry stored at room temperature in the dark. Seedling emergence and survival were recorded 
throughout the remaining growing season. When two Rumex seedlings emerged from one 
site, one of them was removed in order to create almost identical intraspecific interactions 
for all Rumex seedlings in one plot. One additional observation of seedling survival was 
carried out at the onset of the second growing season. In both the acetosa- and crispus-
zones the surrounding vegetation in the plots was clipped at Rumex height (3-10 cm) to 
mimic natural grazing. 
Flooding resistance of whole seedlings under greenhouse conditions 
After a 7-day germination period (for conditions see [182]) 400 seedlings per Rumex 
species were transferred individually into pots (height: 50 mm; diameter: 70 mm) filled 
with a sandy soil collected on the university campus. Two hundred seedlings per species 
were allowed to grow for 4 days in the greenhouse with a temperature of 15 "C at night 
and 20-30 "C (luring the day (photoperiod: 16 hours). Supplementary illumination by high 
pressure sodium lamps (400 W; photosynthetic photon flux density (PPFD): 115 //Em~2s~1) 
was provided in periods with low external light conditions. The soil in the pots was kept 
at approximately field capacity by frequent watering. After this period of growth the two 
cotyledons were fully expanded and the onset of the first leaf was visible. The remaining 
200 seedlings were grown for another 12 days under identical greenhouse conditions. By 
that time the two first leaves had fully expanded, whereas the third was barely visible. Sub­
sequently, these two groups of seedlings were completely submerged in plastic containers 
(wxlxh: 50x70x45 cm; water column above pot: 26 cm) filled with tap water with a tem­
perature of 20 0 С which was maintained during the course of the experiment. Survival of 
20 randomly sampled plants per species was determined after 4, 8, 12, 16, 20, 24, 28, 32, 36 
and 40 days of complete submergence. If no regrowth occurred within a two week growing 
period under optimal soil-moisture conditions, the seedlings were assumed to be dead. 
Photosynthesis of submerged leaves and oxygen release from roots 
Photosynthesis of submerged Rumex leaves was measured as O2 evolution in a closed 
system with a Clark electrode [47]. One week old seedlings were transferred to pots (height: 
50 mm; diameter: 55 mm) filled with a mixture of sand and potting compost (1:1 v/v). 
Seedlings were grown for 25 days in a growth chamber with a temperature of 20 0 C and 
a photoperiod of 16 hours (PPFD: 200 μΕηι 2 s~ 1 ). The soil in the pots was kept near 
field capacity by regular watering. Hereafter the seedlings were completely submerged in a 
2 mM NaHC03 solution (pH: 8.3) in the growth chamber. This chemical water condition 
was very similar to the flood water in the field. After three days of submergence, two leaf 
disks (diameter: 10 mm) of the youngest leaf were placed in a nylon mesh bag fixed in the 
experimental chamber (filled with 2.2 ml 2 mM NaHCOs) of the oxygen electrode apparatus 
[47]. The temperature in the chamber was kept constant at 22 "С. The leaf disks were 
illuminated by a halogen light source (Philips, 15 W) with a P P F D at leaf disk level of 600 
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/ Ì E I I I " 2 S - 1 . Before fixation of the leaf disks N2 was bubbled through the NaIIC0 3 solution 
for two hours. This reduced the O2 concentration to approximately 0.2 mg Γ 1 preventing 
photorespiration. Subsequently the chamber was closed and O2 evolution was recorded for 
10 minutes. Oxygen concentrations were determined according to Drew and Robertson [51]. 
All Rumex species were measured three times. As a reference the photosynthesis of under 
water leaves of Nuphar lutea (L.) Sm., a macrophyte from habitats with a similar water 
quality as the water (hat submerges Rumcx species [156], was also measured. 
Respiration of aerobic and anaerobic soil organisms causes a rapid decline in the redox 
potential (E/,) of a flooded soil [121]. Oxidation of the rhizosphere by completely submerged 
plants can occur if photosynthetic oxygen is released by the roots [143]. To study this process 
in submerged Rumex plants we studied oxygen release of roots in an agar solution and the 
decline in E h in densely rooted pots in the light and in the dark. 
Oxygen release of roots from completely submerged Rumex plants was determined qual­
itatively by oxidation of leuco-methylene blue [see 97]. The plants used in this experiment 
were grown in identical pots and under the same conditions as aforementioned with the 
exception that the pots were filled with sand only and watered with J strength Hoaglands 
nutrient solution. This modification enabled easy separation of roots and soil before the 
plants were placed in glass cylinders to observe the oxygen release of roots. These 250 
ml cylinders were half-filled with agar solution (1.5 % w/v) to which a leuco-methylene 
blue solution (1%) was added (0.5-1.0 ml I - 1 ) . The solution was made colourless by the 
addition of sodium-dithionite. The roots of intact Rumcx plants were placed in the agar 
solution. Small amounts of intruding oxygen during this procedure were reduced by sodium-
dithionite. Subsequently the shoot was completely submerged with 2 mM NaHCOs solution 
(pH: 8.3) which was thoroughly bubbled with N2 for several hours. The complete cylinder 
was illuminated with a P P F D of 150 /jEm~2s ' . This experiment was conducted with two 
plants per species. 
In order to measure the decline in E/, of a flooded soil, acholics were germinated under the 
aforementioned conditions and after 7 days transferred to pots (height: 50 mm; diameter: 
70 mm) filled with sandy soil, collected on the university campus. Plants were grown for 
45 days in the greenhouse with a temperature of 15 C C at night and 20-30 0 C during the 
day (photoporiod: IG hours). Extra illumination by high pressure sodium lamps (400 \V: 
PPFD: 115 /iEm" 2s~ 1) was provided in periods with low external light conditions. The soil-
moisture content in the pots was kept near field capacity by frequent watering. During this 
growth period the plants had developed a high root density and approximately 6-7 leaves. 
Four plants per species and four pots filled with soil only, were submerged in the greenhouse 
with tap water (photoporiod: 16 hours); replicates were submerged under dark conditions 
(temperature 18-23 ' C). Almost every day in a 7-day period the redox potential of the soil 
was measured at a depth of 25 mm in every pot by means of a fixed platina electrode and a 
calomel reference electrode. The Eft value was corrected for temperature and soil pH. At the 
termination of the experiment roots of all plants were separated from the soil and weighed 
after 48 hours at 70 0 C . 
Hypoxia tolerance of root tips 
Rumex achenes were allowed to germinate aerobically as described in Voesenek and 
Blom [182] with the exception that R. palustris achenes germinated for 9 days instead of 
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Figure 1: Germination (·) and survival (о) of seedlings (n=5: ± SD) of Rumex acetosa, R. 
crispus and R. palustris m three zones m a Dutch river area, each characterized by a different 
Rumex species. The shaded areas indicate seedling mortality. The black bars represent the 
periods of flooding. 
the usual 7 days Hereafter, per species five primary root tips were cut to a length of 
approximately 15-20 mm and placed in a 30 ml flask filled with a hypoxic solution (24 hours 
bubbled with N 2 ) of 50 mM glucose. 0.1 m\l Сл50А and 0.04 % (w/v) chloramphenicol (Cb 
concentration: 0.20 ± 0.02 mg l^ 1 ). Subsequently these flasks were sealed with serum-vial 
caps. The whole procedure was conducted in an anaerobic chamber. These flasks were 
placed in a temperature-controlled chamber in the dark (20 0 C) for several hours. Ten 
flasks per species were incubated for every treatment hour (0-24 hours). After a certain 
period of hypoxia, root tips were cut to a length of exactly 5 mm These tips were placed 
in petri-dishes with two layers of filter paper (Schleicher and Schuil), which were wetted 
with an aerated solution of glucose, CaSO* and chloramphenicol (concentrations similar to 
hypoxic solution). After 7 davs of aerobic incubation at 20 'C in the dark the length of 
the root tips was measured. Root tips exhibiting no growth were classified as dead [136]. 
This experiment was repeated three times. For all three species this experiment was also 
performed with primary root tips m a continuously aerated incubation solution. This test 
provided us information about the influence of experimental artefacts on the survival of root 
tips m vitro. 
The whole procedure was repeated with the modification that 10 ml flasks were used with 
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Table 1: Flooding frequency, total duration and winter survival (% of the seedlings alive at 
the onset of the winter)(census-penod: acetosa-zone: November 18, 1987 - May 5, 1988; 
crispus- zone: November 13, 1987 - May 9, 1988; palustns-zone: November 9, 1988 · May 
25, 1989) of Rumex seedlings germinated m the previous growing season. 
Floods Species 
frequency duration R. acetosa R. crispus R. palustris 
(days) 
Acetosa-zonc 1 22 84.6 42.4 14.3 
Crispus-zonc 5 102 *a 8.2 8.3 
Palustris-zone 4 125 0 39.8 1ÇU) 
0
 · All seedlings had succumbed before winter 
4 root tips per species in every flask. Per species and per duration of the hypoxic treatment, 
5 flasks were prepared. After the hypoxic treatment these 20 root tips per species were 
submerged in a 1 % (w/v) tetrazoliumchlorid solution (Sigma)[see 109] for 30 minutes. The 
ability to stain and the intensity of the staining (light or dark red) were interpreted as 
indicators for root tip vitality [14,57]. 
Ethanol and carbon dioxide production of root tips under hypoxic conditions 
Primary root tips (length: 15-20 mm: fresh weight: 150-300 mg) of the three Rumex 
species under study were incubated in a hypoxic solution (10 ml flasks) as described above. 
Every three hours during the first 24 hours, samples were taken from the flasks for ethanol 
and CO2 determinations. With a syringe 0.5 ml of the solution was sampled from the flasks; 
100 μΐ was used for COj determination, whereas 0.3 ml was needed for the enzymatical 
assay of ethanol [12]. Directly after sampling 0.5 ml of a fresh hypoxic incubation solution 
was injected into the flask to restore the original solution volume. This procedure was 
conducted in an anaerobic chamber. Carbon dioxide measurements were performed with an 
Oceanography International model 0525 HR Infrared Carbon Analyser. This experiment 
was performed twice for all Rumex species. 
RESULTS 
Establishment under field conditions 
The acctosa-zone was not flooded during the growing season of 1987; a short-lasting 
inundation was observed in the winter following seedling establishment (figure 1; table 1). 
Both the crispus- and the palustris-zones were flooded several times in winter and summer; 
noteworthy is the long-lasting summer flooding in the crispus zone (figure 1; table 1). The 
small difference in flooding frequency and duration between the crispus- and the palustris 
zone must be interpreted with care since data of both zones were collected in different years. 
The unpredictability of floods in the lower zones and the continued germination of especially 
R. enspus and R. palustris throughout the growing season, caused flooding of seedlings at 
all stages of development. 
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Figure 2: Survival of seedlings of Rumex 
acetosa, R. cnspus and R. palustris m the 
course of time under completely flooded 
greenhouse conditions. Two stages of 
seedling development were incorporated m 
this study. A. younger seedlings with two 
cotyledons only and B. older seedlings with 
the first two leaves. 
Floods were lethal for seedlings of R. acetosa. No seedling of this species survived the 
summer flood in the crispus-zone (figure 1), whereas floods during the winter eliminated R. 
acetosa seedlings in the palustris-zone (table 1). 
Survival of R. cnspus seedlings in the acetosa-zone was relatively low compared to R. 
acetosa in both the growing season and the winter (figure 1; table 1). Floods in winter 
and summer resulted in a high mortality of R. cnspus in its natural zone. Some seedlings, 
however, were able to survive long-lasting floods (figure 1; table 1). The survival of R. 
cnspus in the palustris-zone was relatively high compared to R. palustns (figure 1; table 1). 
A relatively low seedling survival was observed for R. palustns in all Rumex zones. 
However, like for R. cnspus, a few R. palustns seedlings were actually able to survive floods 
in both winter and summer (figure 1; table 1). 
In contrast to R.acetosa, both R. cnspus and R. palustns showed additional germination 
and establishment shortly after subsidence of the summer flood in the crispus-zone (figure 
1)· 
Flooding resistance of whole seedlings under greenhouse conditions 
The flooding resistance under greenhouse conditions differed for the three Rumex species 
and the two seedling stages (figure 2). The two-cotyledon stage appeared to be the most 
flooding resistant (figure 2A). Rumex acetosa appeared to be non-resistant at both seedling 
stages, whereas R. cnspus and R. palustns were relatively resistant to flooding. Differences 
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Table 2: Photosynthesis (n=3; ± 1 SE) of submerged leaf discs of three Rumex species and 
Nuphar lutea and the oxygen release of roots of the Rumex species (n—2) ( + =oxidation of 
leuco-methylene blue)(FW=fresh weight). 
Photosynthesis Oxygen release 
Qmiol 0¿ gFW 'h ' ) by roots 
Rumex acetosa 14 4±0.3 
Rumex cnspus 13.8±1.6 + 
Rumex palustris 13.4±0.6 + 
Nuphar lutea _ _ 6 4 . 4 ± 2 5 . 3 _ n(f 
" " Not determined 
Photosynthesis of submerged leaves 
Leaves of all Rumex species were able to photosynthesize under submerged conditions 
(table 2); no significant differences existed between the species (Bonferroni-t-test). A sig-
nificantly higher photosynthctic activity was observed in the aquatic macrophyte Nuphar 
lutea. 
Only R. cnspus and R. palustris were able to release oxygen from their roots to the 
reduced agar solution under submerged conditions (table 2). 
The decline in redox potential in pots with R.cnspus and R. palustns significantly dif-
fered between light and dark conditions (two-way ANOVA); no decrease of the redox po-
tential occurred in the light, whereas a gradual decline was observed under dark conditions 
(figure 3). A fast decline of the redox potential was observed in R. acetosa under both light 
and dark conditions (not significantly different). No significant differences were observed 
in the redox potentials of the pots without plants submerged in light and dark. The root 
dry weights of the Rumex species showed no significant differences after termination of the 
experiment (data not shown). 
Hypoxia tolerance of root tips: ethanol and CO? production 
In a well-aerated incubation solution excised primary root tips of Rumex species lost 
approximately 10-20 % of their capacity to grow after 24 hours (data not shown). Therefore, 
it can be concluded that hardly any experimental artefacts interfered with the experiments 
considering the hypoxia tolerance of root tips; decline in growth or staining capacity of root 
tips is nearly exclusively caused by the hypoxic treatment. 
The hypoxia tolerance of root tips differed for the three Rumex species (figures 4 A,C,E). 
Rumex acetosa survived a hypoxia period for less than 10 hours. The two other species 
survived for periods up to 16 hours. It is noteworthy that both methods (staining and 
growth measurement) gave comparable results; a decreased growth was always accompanied 
by a reduced staining capacity. 
Ethanol and CO? were produced in nearly equal amounts in all species. However, distinct 
differences in ethanol and CO? production existed between the species. Rumex acetosa, 
being the most hypoxia intolerant species, produced a limited amount of ethanol and CO2, 
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Figure 3: The soil redox potential (Eh) m 
pots with Rumex acetosa, R. enspus, R. 
palustris and in pots without a plant dur­
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whereras R. enspus and Я. palustris showed a considerable alcoholic fermentation under 
hypoxic conditions (figures 4 B,D,F). 
D I S C U S S I O N 
Floods in Dutch river areas are unpredictable and may submerge seedlings at various 
stages of their establishment. It is therefore likely that these inundations have a strong 
impact on the success of the establishment of seedlings in frequently flooded areas. However, 
other factors such as competition and grazing also affect establishment in the river area [see 
58,73]. In fact competitive interactions are probably more important in the rather densely 
vegetated parts of the river area such as the acetosa-zonc than in more open vegetations 
such as the palustris-zone. 
Under experimental field conditions seedlings of R. enspus and R. palustris were rela­
tively resistant towards flooding when compared to R. acetosa. The latter species is therefore 
unable to establish itself in frequently flooded parts of (he river area such as the natural 
habitats of R. enspus and R. palustris. Establishment of R. acetosa in gaps can occur in 
elevated parts of the river area such as dikes and river levees, which are only occasionally 
exposed to floods. High mortality rates were observed for seedlings of R. palustris and R. 
enspus when growing in the acetosa-zone. Presummably both competitive interference and 
herbivory are responsible for the high mortality of R. palustris and, to a somewhat lesser 
extent, R. enspus seedlings in the natural habitat of R. acetosa [186: chapter 5 in this 
thesis]. 
Seedlings still in the cotyledon stage were more resistant to a flooding under greenhouse 
conditions than older seedlings. An adequate supply of carbohydrates can be critical in 
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the survival of plant tissues at low O2 concentrations [45,150] Carbohydrate levels are de­
termined by the balance between consumption in respiration and growth, access to stored 


















Figure 4'· The growth of excised primary root tips (n=50; SE < 15 %)of Rumex acetosa (A), 
R. cnspus (C) and R. palustris (E) previously incubated m a hypoxic solution, expressed 
as the percentage of maximum growth (Ime graph). Root tips were assumed to be dead 
when no growth occurred. The survival of excised primary root tips (n=20) after a hypoxia 
pretreatment, as indicated by the capacity to stain m a solution of tetrazohum chloride, is 
presented as a histogram. The intensity of staining is divided into two classes: dark red or 
light red. (B,D,F) The production of ethanol and CO2 (n=2; ± SE) of Rumex acetosa, R. 
cnspus and R. palustris under hypoxic conditions. 
cotyledons probably have more stored reserves [58], whereas older seedlings with already 
shrunken cotyledons and two leaves not only possess less reserves, but also have a larger 
photosynthetic leaf area and a larger amount of respiring tissue. Further research is neces­
sary to elucidate the role of a possible shift in the carbon budget in the differential survival 
of younger and older seedlings. It also stresses again the importance of studying various 
stages of plant development with respect to flooding resistance [see 56]. In this context, 
a more spreaded germination (figure 1), like observed in R. cnspus and R. palustns, and 
consequently a relatively large variation in seedling sizes, can be considered as an adaptive 
trait in habitats with unpredictable floods. During both development stages seedlings of R. 
acetosa showed the lowest survival under submerged conditions. This correlates very well 
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All three Rumex species were capable of a low, but significant, photosynthetic activity 
under submerged circumstances. Literature concerning photosynthesis of terrestrial plants 
under water is very scarce; it is known that Еггоркогит angustifohum. a terrestrial plant 
from wet habitats, uses free CO2 for photosynthetic activity under submerged conditions 
[65]. 
The lower photosynthetic rate of Rumex leaves when compared to the aquatic macro-
phyte Nuphar lutea, can be related to the lack of an aquatic leaf morphology, which is in 
aquatic macrophytes an adaptation to the high aqueous diffusion resistances for CO2 and O2 
[27]. The actual photosynthetic activity of submerged Rumex leaves under field conditions 
will strongly depend on the light conditions. This varies with the depth of the flood water 
and its turbidity [79]. 
While photosynthesizing under water, only R. enspus and R. palustris were able to 
release oxygen from the roots, indicated by oxydation of leuco-methylene blue and the 
relatively high soil redox potentials under light conditions. It is likely that in R. acetosa 
the aerenchymatic connection between leaves and roots is inadequate to support oxygen 
release. This is in agreement with observations on R. thyrsiflorus, a species closely related 
to R.acetosa, which was not able to form aerenchyma [96]. 
Root tip survival under hypoxic in vitro conditions in Rumex was positively correlated 
with the alcoholic fermentation rate, measured as ethanol and CO2 production. Root tips 
of R. acetosa showed a low tolerance of hypoxia accompanied by low alcoholic fermentation, 
whereas the opposite was observed in both R. cmspus and R. palustris. These differences 
in alcoholic fermentation rate are not related to interspecific variation in basal aerobic root 
tip respiration (data not shown). The results obtained for these Rumex species distributed 
in a flooding gradient are rather analogous to results from a comparative study of three 
nymphaeid macrophytes from organic sediments with low redox potentials and three macro­
phytes from mineral oxidative sediments; only the roots of the nymphaeid macrophytes were 
capable of a considerable alcoholic fermentation under anaerobic conditions (Personal Com­
munication AJM Smits). There is increasing evidence that anoxia or hypoxia tolerance in 
plants is positively correlated with ethanol production [46,88,104,135,155,191]. Proof for 
the important role of ethanol production during hypoxia comes from ADH null mutants 
of maize [135,146] and barley [72]; these mutants were relatively flooding intolerant. This 
opinion is in contrast with the traditional metabolic theory of flood tolerance, which states 
that ethanol production is the primary hazard to root survival under anoxic conditions [103]. 
Arguments that counteract this theory were summarized by Jackson and Drew [87]. 
The hypoxia tolerance of m vitro primary root tips of Rumex species is positively corre­
lated with flooding resistance of whole plants under greenhouse and field conditions. The 
overall flooding resistance of Rumex seedlings in all experiments conducted, is also positively 
correlated with the distribution of the three species in the flooding gradient. It is assumed 
that morphological (aerenchyma channels connecting shoot and root) and metabolic (al­
coholic fermentation) adaptations in R. enspus and R. palustris promote establishment of 
both species in river habitats with unpredictable floods. Lack of these adaptations restricts 
the establishment of R. acetosa to higher zones. 
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D I S T R I B U T I O N OF R U M E X SPECIES IN A N E N V I R O N M E N T A L 
G R A D I E N T : THE ROLE OF FLOODING, C O M P E T I T I O N A N D 
HERBIVORY 
A B S T R A C T 
A reciprocal transplantation experiment in the field and additional green-
house experiments with vegetative plants in the established phase were per-
formed to explain the zonation of Rumex acetosa, Rumex crispus and Rumex 
palustris in an environmental gradient in a river area, characterized by differen-
tial flooding and competit ion regimes. An experiment in the greenhouse showed 
that R. crispus and R. palustris were resistant to flooding compared to R. ace-
tosa. Leaf-atmosphere contact appeared to be essential for long-term survival 
of both resistant species under flooded conditions. The competit ive rank order 
of Rumex species is strongly influenced by environmental conditions (flooding 
treatments) . Under drained conditions R. crispus was the strongest competitor; 
no differences in competit ive ability were observed between R. palustris and R. 
acetosa. During a regrowth period, after 17 days of complete submergence, the 
rank order changed to R. crispus > R. palustris > R. acetosa. Lack of flooding 
resistance restricts the distribution of R. acetosa to seldomly flooded sites in 
the river area. It is suggested that its resistance to invertebrate herbivory is 
important for survival in relative densely vegetated meadows. Flooding resis-
tance as well as a relatively fast growth rate in flooding-induced gaps appeared 
to be essential for long-term survival of R. crispus in frequently flooded parts 
of the river area. Rumex palustris is l imited by competit ion and herbivory in 
the higher zones and by catastrophical long-lasting floods in the lower zone. 
Long-term survival in the lowest zone is accomplished by adaptations in other 
parts of the life cycle (seed bank). 
I N T R O D U C T I O N 
Zonation of plant species along piivironmental gradients are common in aquatic, semi-
aquatic and terrestrial communities [35,41 92,101 145,151,158] These distribution patterns 
are related to both abiotic and biotic factors Dutch river areas are characterized by a 
distinct environmental gradient, duration, depth and frequenc y of floods vary in a continuum 
perpendicular to the river stream [181] Fluctuating water levels are related to variation in 
melting snow and rainfall in the upper and middle reaches of the Rhine Floods of areas 
along the river are erratic and may occur in the growing season Rumex species are common 
in Dutch river areas, they show a zonated distribution Rumtx acetosa mainly occurs on 
high, seldomly flooded parts within the river area Rumex palusfris, on the contrary, is found 
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on frequently flooded mud flats in former river beds. Rumex cnspus occupies intermediate 
sites in the flooding gradient. 
It is likely that the distribution of Rumex species is mainly determined by flooding. 
However, floods also create other gradients in the river area, e.g. frequency and pattern 
of gap-formation and the intensity of competitive interference. Rumex acetosa occurs in 
a moderately dense vegetation and is therefore assumed to be a stronger competitor than 
R. palustris, occurring on mud flats with predominantly annuals. Intermediate competitive 
ability is expected for R. cnspus, inhabiting a moderately dense vegetation with frequently 
occurring flooding-induced gaps. This is analogous to the hypothesis of Grime [67] which 
states that species from undisturbed, productive habitats should have a high competitive 
ability compared to species from more disturbed habitats. Several studies demonstrated an 
important role for competitive ability in determining plant zonations [101,120,151,158,197]. 
In the Dutch river area Rumex species are subjected to intensive grazing by snails, slugs 
and dock beetles. Bentley and Whittaker [11] have shown that herbivory by invertebrates 
may change competitive relations between Rumex species. According to Harper [73] the 
impact of grazing on the distribution of Rumex species in the river area depends on the 
selectivity of the grazer and the pattern of grazing, as well as on the competitive ability of 
the plant species. 
An interaction between grazing and flooding resistance was experimentally demonstrated 
by Whittaker [194]: herbivory by Gastrophysa vmdula was inversely correlated to survival 
of R. cnspus during flooding. 
Based on field observations and literature we propose that the zonation of R. acetosa, R. 
cnspus and R. palustns in the river area is determined by flooding, competition, herbivory 
and various interactions between these factors. To test this hypothesis all stages of the 
plants life cycle must be studied [22,119]. This study focusses on the vegetative phase of 
established plants. A reciprocal transplantation experiment was performed to study survival, 
growth and herbivory under natural conditions in the different Rumex zones. Subsequently, 
two greenhouse experiments to investigate the influence of flooding and competition on the 
Rumex species were conducted. 
MATERIAL A N D M E T H O D S 
Plant species and their study sites 
Three Rumex species common in Dutch river areas, were selected for this experimental 
study. Rumex palustns Sm. is a monocarpic annual, biennial or short-lived perennial with 
a tap-root. Flowering during the first season can occur if the achenes germinate before 
June (personal communication AJM van der Sman). However, the site (mud flats in former 
river beds) of this species is characterized by frequent, deep and prolonged floods (table 1), 
even in the growing season. Therefore, R. palustns behaves mostly as a biennial, caused by 
delayed germination. 
Rumex cnspus L. is a short-lived polycarpic perennial, with a distinct tap-root. The 
studied population occurs on a grazed bank of a former river bed. Floods are frequent 
in winter and spring; summertime inundations are erratic and often of limited duration. 
Probably due to the short growing seasons in the river area germination and flowering 
occurs seldomly in the same year. 
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Rumex acetosa L. is a dioecious polycarpic perennial, with a fibrous root system. Flow­
ering may occur in the second growing season. This species frequently occupies river levees 
with a hay and aftermath management. Flooding occurs only occasionally and for very 
short periods. 
Table 1: Flooding regime, some soil characteristics (± 1 SD), dominant plant species, gap-
formation and the pattern and selectivity of grazing and grazers m three Rumex zones m a 
Dutch nver area. 
F l o o d i n g reg ime 
Soi l character i s t ics 
Total pore volume!%) 
Nitra te ^ g ' g dry soil) 
Nitrate (/ig g dry s o i l ) 0 
Ammonium (/tg g dry soil) 
Ammonium (fig 'g dry soi l ) b 
p H - H j O 
pH-KCl 
C a r b o n a t e (%) 
Organic mat ter (%) 
C E C (meq 100 g dry soil) 
Soil moisture content (% v/v) 
(mean 1986) 
V e g e t a t i o n 
Dominant species 
M a x i m u m height (cm) 
Height of closed sward (cm) 
Gap-format ion 
H e r b i v o r y 
Species grazing on Rumex 
Period with most 
intense grazing 
Grazing intensity per Rumex 
species in a reciprocal 









7 + 1 
2 1 ± 6 
7 0 * 0 1 
7 2_0 1 
8 ± 1 
11±2 
1 0 ± 3 













4 f t 
+ + + 
ZONES 
C n s p u s zone 
frequent, short 





7 8 + 0 1 
7 0 + 0 1 
4 + 1 
9_L2 
24+4 












1 1 1 
+ + + 
Palustris zone 
frequent, long 
6 6 + 7 
3 7 + 2 1 
269+109 
2 1 ± 7 
2 1 = 7 
7 7 + 0 1 
7 2 + 0 1 
8 + 2 
9 ± 3 
2 0 + 6 















+ + + 
nitrate concentration after fi weeks incubation at field capacity in the dark (20 0 C ) 
ammonium concentrat ion after 6 weeks incubation at held capacity in the dark (20 a C ) 
+ , + + , + + - t - = l o w , intermediate, high grazing intensity 
Table 1 presents the flooding regime, some chemical and physical soil characteristics, the 
dominant plant species, the frequency of gap-formation and the pattern and selectivity of 
grazing and grazers respectively in the acetosa-, crispus- and palustris-zone. 
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Achenes were collected in 1985 and 1986 in the river area from the aforementioned 
populations. Achene mixtures used in the experiments consisted of achenes from several 
plants all belonging to one population. Before use, achenes were stored at room temperature 
in the dark. 
Reciprocal transplantation experiment 
Achenes of the three Rumex species were sown in small plastic containers (height 50 
mm; diameter 55 mm); each pot was filled with soil, originating from the zone in which it 
was to be transplanted. After seedling emergence, the number of plants per container was 
reduced to one. The plants were grown for 6 weeks in a greenhouse with a temperature of 
15 " С at night and 20-30 0 C during the day (photoperiod 16 hours). In addition daylight 
was supplemented by illumination with high pressure sodium lamps (400 W; photosynthetic 
photon flux density (PPFD) at plant level 115 / iEm" 2 s" 1 ) during periods with low external 
light intensity. After one week of hardening outside the greenhouse, the young Rumex plants 
(4-7 leaves) were transplanted into field plots. In each of the aforementioned Rumex zones 
three field plots were laid out; cattle was excluded by a fence. Each plot initially contained 
36 plants per species, randomly transplanted in a grid pattern (4 rows of 27 plants parallel 
to the water line). The plants had a relative distance of 0.3 m. Mortality during the first 
two weeks was assumed to be an effect of transplantation; dead plants were replaced by 
individuals from the original batch. 
The reciprocal transplantation experiment did not start simultaneously in all zones; 
planting dates depended on the start of the growing season. For the acetosa-zone this was 
shortly after the winter (March 27, 1987), whereas in both other zones it started after 
subsidence of the flood water (crispus-zone: June 26, 1986; palustris-zone: July 30, 1986). 
The plots were visited every three or four weeks during two subsequent growing seasons, 
except during floods. During these visits the surrounding vegetation in the plots in the 
acetosa- and crispus-zones was clipped to the height of the transplanted Rumex plants, to 
simulate the natural cattle grazing regime (Rumex species are not eaten by cattle). Number 
of leaves (N), maximum leaf length (LL) and maximum leaf width (LW) was measured 
on every surviving plant. Herbivory was quantified by an estimation of the total grazed 
leaf arca. Biomass was estimated by multiplication of N, LL and LW [e.g. 152]. Previous 
experiments under drained and waterlogged greenhouse conditions (data from various water 
regimes were pooled per species) showed that this multiplication calculates a "biomass" that 
in all species significantly correlated with the real biomass (Pearson correlation coefficient: 
R. acetosa: r=0.87; P<0.001 (n-=30); R. enspus: r=0.57; P<0.001 (n=30); R. palustris: 
r=0 70: P<0.001 (n=30)). Differences in survival between the species per zone were tested 
with a nonparametric Kruskal-Wallis rank test. Pooled data of the three replicate plots per 
zone were used for this test (Procedure Lifetest [144]). 
Flooding experiment 
Achenes of the three Rumex species were sown in petri-dishes with two layers of moist­
ened filter paper. They germinated and were grown for 7 days in a chamber with a night 
temperature of 10 0 C (12 hours) and a day temperature of 25 "C (PPFD: 30 j t E n r V 1 ) · 
Hereafter seedlings were transferred to containers (height: 140 mm: diameter: 140 mm) 
filled with a sandy soil, collected on the university campus. Per container 2 g of a controlled 
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release fertilizer (Osmocote Plus; Sierra Chemical Company) was mixed through the soil. 
The seedlings were grown for 6 weeks in a greenhouse with a temperature of 15 "C at night 
and 20-30 CC during the day (photoperiod 16 hours). Supplementary illumination by high 
pressure sodium lamps (400 W; PPFD: 115 /iEm"2s~1) was provided in periods with low 
external light conditions. The soil-moisture content was maintained at 17 % (v/v). After 
this period the plants of all three species had approximately 10 leaves. Subsequently they 
were completely submerged (tap water; temperature 18 0C) for 7 days in plastic basins 
in the greenhouse to simulate a short-lasting flooding. After this period the water level 
was lowered to various heights to study the eifect. of inundation depth on Rumex plants to 
simulate the different positions of plants in a flooding gradient: 
1. Drained: complete subsidence of the flood water; soil moisture content maintained at 
17 7c (v/v). 
2. Waterlogging: subsidence of the water to a level in which only roots are submerged. 
3. Partial submergence: subsidence of the water to a level in which only the leaf tip(s) 
protrude (2-4 cm) the water surface. 
4. Complete submergence: no lowering of the water level. 
Whenever necessary the water level was adjusted to maintain these four conditions. Eight 
plants per treatment and per species were harvested in a time series (3, 6, 9 weeks after 
the onset of the treatments) to test the impact of flooding duration on survival and growth. 
Different durations of the flooding treatments also simulated the different locations of plants 
in a flooding and elevation gradient. During every harvest dry weight (48 hours at 70 C) 
of root and shoot, root length, number of leaves, leaf area, and the length of the longest 
petiole per plant were measured. Root length was determined with a Comair root length 
scanner (Comair, Melbourne); new roots, which developed after the onset of a waterlogging 
or submergence treatment [181], were measured separately. A plant was assumed to be dead 
when no regrowth of the shoot occurred within two weeks under optimal drained greenhouse 
conditions. Root and shoot data were analysed with factorial analyses of variance (AXOVA) 
with species, treatments, durations and interactions between these main effects as sources 
of variance (procedure GLM [144]). 
Competit ion experiment 
The relative competitive ability in two-species mixtures of R. acetosa. R. enspus and R. 
palustris was studied in a replacement design at equal total plant densities [198]. A number 
of studies have shown that the competitive ability of a particular plant species is often 
independent of the species with which it competes [e.g 60,192]. Other studies, however, 
report a change in rank order when different targets were included [176]. Several authors 
criticized the replacement method: the influence of plant density is ignored and the method is 
hardly able to distinguish between intra- and interspecific competition [38,59,89]. Criticism 
also applies to an alternative method, the so-called additive approach. In this method, 
with single target plants and varying number of competitors, it is impossible to distinguish 
between density effects and interspecific compel it ion [73]. The replacement approach was 
employed only to study the competitive rank order of the three Rumex species in order to 
get an impression of their relative competitive ability and was not intended to study the 
impact of density or the influence of varying plant mixtures on the proportion of intra- and 
interspecific competition. 
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Germination and growth of seedlings wab performed under the conditions mentioned in 
the flooding experiment. After one week seedlings were transferred to containers (height: 160 
mm; diameter: 180 mm) filled with a sandy soil collected on the university campus. Plant 
pairs of the Rumex species (R. acetosa - R. cnspus; R. acetosa - R. palustris; R. cnspus -
R. palustris) were planted according to a replacement design. Each series, with six replica's, 
had the following input ratios: 8:0. 6:2. 4:4, 2:6, 0:8: the plants were arranged in a circular 
pattern with a mutual distance of 43 mm. The total plant density was 314 plants m - 2 ; the 
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The growing conditions in the greenhouse were similar to those in the flooding experiment. 
All monocultures and mixed cultures of the Rumex pairs were harvested after the treatments 
and growing periods presented in figure 1. During harvest the shoot biomass per plant was 
removed, oven dried (48 hours at 70 0C) and weighed. The results of the replacement series 
were used to calculate the mean biomass (yield) per plant in monocultures and various 
mixed cultures. Increasing plant weights with increasing density of a competitor indicate 
that the competitor had relatively weak competitive abilities. Decreasing plant weights with 
increasing density of a competitor indicate a relatively strong competitor. Differences in the 
mean yields per plant were determined with a Bonferroni-t-test after an analysis of variance. 
The relative yield total (RYT) is calculated according to De Wit [198]: 
Ma Mb 
in which: 
θα, Οι, = yield of species a or b in mixed culture, 
M
a
, Мь = yield of species a or b in monoculture. 
The relative competitive ability of the three Rumex species is determined by the ''Compet­




A Cf, value of 0 indicates equal competitive ability or no competition. A positive value 
indicates a strong relative competitive ability of species a; a negative value indicates the 
same, but for species b. Mean monoculture yields were used to calculate RYT and CV For 
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both C(, and RYT-1 student's-T-test was used to test the hypothesis that the calculated 
means equalled 0 (Procedure univariate; [144]). 
RESULTS 
Rumex zonation 
The flooding regime strongly differs between the zones in both frequency and duration 
(table 1). Distinct differences between the soils in the three zones were observed in total 
pore volume, CEC and soil-moisture content (table 1). The vegetation data in table 1 









Figure 2: Results of a recip­
rocal transplantation experiment 
with Rumex acetosa, R. cnspus 
and R. palustris in the habitat of 
R. acetosa (indicated as acetosa-
zone). A= water level fluctu­
ation of the nver Rhine rela­
tive to the transplanted plots; B= 
survival (%) of the three Rumex 
species (pooled data of three repli­
cate plots); C= estimated biomass 
(number of leaves * maximum leaf 
length * maximum leaf width) of 
the three Rumex species (pooled 
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show that the palustris-zone and the crispus-zone are characterized by a relatively limited 
height of the vegetation. The palustris-zone and to a lesser extent the crispus-zone are 
characterized by large areas of bare soil after subsidence of the flood water. Rumex species 
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in the acetosa-zone are grazed by sings and snails, whereas dock beetles are the dominant. 
grazers in both other zones (table 1). Selectivity of all grazers was evident: they preferred 
R. cnspus and R. palustris. 
Transplantation experiment 
The acetosa-zone was flooded only once during the transplantation experiment (figure 
2A). This caused sedimentation of a 4-10 cm thick sand layer on the plots. The three 
Rumex species sigiiificaiitly differed in their survival in this zone. This is related to the high 
Amsterdam Ordnance Datum (m) 
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Figure 3: Results of a recip-
rocal transplantation experiment 
with RumcT acetosa. R. cnspus 
and R. palustris in the habitat of 
R. cnspus (indicated as enspus-
zone). A= water level fluctu-
ation of the river Rhine rela-
tive to the transplanted plots; B= 
survival (%) of the three Rumex 
species (pooled data of three repli-
cate plots); C= estimated biomass 
(number of leaves * maximum leaf 
length * maximum leaf width) of 
the three Rumex species (pooled 
data of the three replicate plots). 
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mortality of R. palustris in June of the first season; no plant of this species was alive at. 
the start of the second year (figure 2B). During the first season R. acetosa had a higher 
estimated biomass ("biomass") than both other Rumex species. In the second year R. 
acetosa gradually increased its "biomass". Rumex cnspus strongly increased its "biomass" 
in the spring of the second year, followed by a gradual decline (figure 2C). Some plants 
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Figure 4'- Results of a reciprocal 
transplaidation experiment with 
Rumex acetosa, R. cnspus and 
R. palustris m the habitat of R. 
palustris (indicated as palustns-
zone). A= water level fluctu­
ation of the river Rhine rela­
tive to the transplanted plots; B= 
survival (%) of the three Rumex 
species (pooled data of three repli­
cate plots); C= estimated biomass 
(number of leaves * maximum leaf 
length * maximum leaf width) of 
the three Rumex species (pooled 
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of R. acetosa and R. cnspus transplanted in the acetosa-zone bolted in the second year. 
Subsequent flowering and seed set was prevented by invertebrate grazing of the flowering 
axis. 
The crispus-zone was frequently flooded during both seasons. An exceptional long 
flooding period was observed in the summer months of the second season (duration: 70 
days)(figure ЗА). The survival of R. cnspus was significantly higher than that of both other 
species in this zone. High mortality of ii. acetosa occurred in the first winter period with 
its frequent inundations. Complete mortality of the remaining plants of this species was 
observed after the summer flood in the second season. The mortality pattern of R. palustris 
in the crispus-zone had a much more gradual course than in the acetosa-zone. Only one 
individual was alive after the summer flood of the second year (figure 3B). All species had 
much higher "biomasses" in the crispus-zone than in the acetosa-zone. A strong "biomass" 
increase of both R. cnspus and R palustris was observed after subsidence of the summer 
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flood water in August of the second year (figure 3C). Flowering of all species was disrupted 
by the summer flood in the second growing season. 
The transplantation plots in the palustris-zone were flooded frequently and long-lasting. 
An extremely long flooding period of 220 days took place in the second year (figure 4). At 
the end of this period all plants of all species had died (figure 4B). No significant differences 
in the survival patterns between species were observed. All species in the palustris-zone 
developed high "biomasses" compared to Rumex plants in the acetosa zone. Especially, 
noteworthy, is the high "biomass" of R. palustris in this zone compared to its "biomass" in 
both other zones (figure 4C). No flowering of any of the Rumex species was observed. 
Tabic 2. Two-way analysis of variance of shoot dry weight, root dry weight, length old roots 
and the length of the longest petiole after one week submergence. 
Source of variation 
Species (Sc) 
Submergence (Sb) 
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* * * 
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" : Log-transformed data 
* : * P<0 05; ** P<0.01; *** PvO 001; ns^not significant 
Flooding experiment 
All Rumex species were able to survive a submergence of one week (data not shown). 
The main effect of submergence in table 2 indicates that during this treatment no significant 
increase in shoot and root dry weight and root length occurred. The significant interaction 
Table 3' The survival (%; n=8) of Rumex species after 1 week of complete submergence + 















































for the longest petiole length (table 2) is related to the strong increase in length of the 
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petioles of both R. cnspus and R. palustris. A limited length increase was observed in R. 
acetosa (data not shown). The Rumex species under study were able to survive long-lasting 
(3, 6, 9 weeks) waterlogging under greenhouse conditions (table 3). In contrast to both 
other species R. acetosa was unable to survive prolonged (6-9 weeks) partial submergence 
Complete submergence appeared to be the most severe treatment for all species. Rumex 
acetosa was the most sensitive to this treatment, whereas little difference was observed be-
tween R. cnspus and R. palustris in survival (table 3). The ANOVA performed on the data 
of the flooding experiment as presented in figure 5 indicates that all main effects (species, 
treatments, durations) and all interactions, except one (treatments * durations: length new 
roots), were significant for all dependent variables (dry weight shoot, dry weight roots, 
length new roots, length longest petiole). The interaction between species and treatments 
for both shoot and root biomass can be explained by the relative low bioniass of R. acetosa 
under waterlogged conditions (figure 5). The biomasses of R. cnspus and R. palustris under 
these growing conditions were only slightly less than those of the drained controls and in 
some cases even higher (figure 5). It is important to note that Rumex plants with one or 
more leaf tips above the water surface (partial submergence) had higher biomasses than 
completely submerged plants (figure 5). Rumex cnspus and R. palustris developed a new 
root system during flooded conditions. These roots can be morphologically distinguished 
from the original roots: they have a clear white colour and a much larger diameter. Branch-
ing was observed only in roots near the water surface. The ANOVA indicated a strong main 
effect of treatments in the development of a new root system. Independent of the species 
the strongest development of new roots occurred during waterlogging, whereas hardly any 
new roots were formed during complete submergence (figure 5). The growth of the original 
root system during the drained control treatments is given in figure 5 as reference. The 
interactions between species and durations and species and treatments for the length of the 
new root system can be explained by the fact that R. acetosa hardly developed any new 
roots (figure 5)[see 181]. An enhanced growth of the petioles of R. crispus and R. palustris 
was observed during waterlogging and partial submergence. This effect was also seen during 
the first three weeks of complete submergence (figure 5). Rumex acetosa showed inhibited 
growth of petioles (figure 5) [see 182]. This different response explained the interactions in 
the ANOVA for the length of the longest petiole. 
Competit ion experiment 
The mean biomass per plant in monocultures (100 %) and in various mixed cultures 
(25, 50 and 75 %) with competitors is presented in table 4. The yield of R. acetosa plants 
significantly decreased with increasing proportion of R. cnspus in both drained treatments. 
No change in biomass was observed in R. acetosa when competing with R. palustris. The 
yield of R. cnspus plants increased with increasing proportion of R. acetosa and R. palustns 
in nearly all treatments. The biomass of R. palustns was not significantly changed with an 
increasing proportion of R. acetosa, whereas its yield decreased with an increasing proportion 
of R. cnspus during the 2nd drained treatment. Based on these results the Rumex species 
can be ranked in a competitive hierarchy: R. crispus > R. acetosa = R. palustns. 
The RYT values of the competition experiment, used as a measure of resource use, do 
not exceed unity in all mixtures and treatments (data not shown). 
The relative competitive ability of the Rumex species can be expressed by the competitive 
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Rumex acetosa Rume« crispus Rumex palustris 
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Ouritnnlwtfkt) 
• = drained • — a * length old root lyslem unter drained control conditions 
^ = «sterlogging с — о a length new nuts under waterlogging conditions 
S 9 B partial submergence с — • • length new roots under part subm conditions 
• = submergence * — * > length new roots under submefged conditions 
Figure 5: Shoot dry weight, root dry weight, length of newly developed roots + length of old 
roots under drained conditions as reference and the length of the longest petiole of Rumex 
acetosa, R. enspus and R. palustris after one week of submergence followed by 3, 6, and 
9 weeks of additional treatments (drained, soil waterlogging, partial submergence, submer-
gence)(n=8). The absence of a bar indicates that no plants were alive after that treatment 
or that measurements were not possible. 
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Table 4' Mean shoot dry weight (g, n=6; SE: 2-20 %) per plant of Rumex acetosa, R. ens-
pus and R. palustris m various mixtures with Rumex competitors after several treatments 
(l=diained after 5 weeks of growth; 2-submergence; 3=submergence+regrowth: 4=<iramed 


































































































































Table 5: Mean competitive balance index (Сь ± 1 SE) of three combinations of Rumex species 
during various treatments (see caption table 4)· Сь values with asterisk(s) differ significantly 
from 0 (T-test; * P<0.05; *** P<0.001). 
Species mixtures 
1 
R. acetosa-R. enspus 
R. acetosa-R. palustris 















balance index (table 5). The species rank order under both drained treatments is identical 
to the one deduced from table 4: R. cnspus > R. acetosa = R. palustris. The identical rank 
order in both drained treatments with different growth periods indicates that the competitive 
hierarchy of the species under study does not change during prolonged growth of the plants 
under drained conditions. The Cj, values calculated after 2¿ week of submergence did not 
differ significantly from 0. No competitive rank order between the Rumex species exists 
under these conditions. Low negative C;, values were observed in mixtures with R. acetosa 
after the regrowth period. This indicates a low competitive ability for R. acetosa under these 
conditions even in mixtures with R. palustris. The competitive hierarchy after submergence 
and regrowth changed to R. cnspus > R. palustris > R. acetosa. 
DISCUSSION 
The flooding and competition experiments under controlled greenhouse conditions were 
conducted to gain knowledge about the differences in flooding resistance and the relative 
competitive ability of the species, which might facilitate the interpretation of the reciprocal 
transplantation experiment under complex field conditions. 
The flooding experiment showed that R. cnspus and R. palustris are resistant to flooding 
compared with R. acetosa. Under greenhouse conditions both resistant species can only 
survive prolonged floods when one or more leaf tips protrude the water level. Rumex cnspus 
and R. palustris are able to restore leaf-atmosphere contact by enhanced cell elongation in 
the petioles, mediated by the gaseous hormone ethylene [182,183; chapters 8, 9 and 10 of this 
thesis]. Leaf-atmosphere contact probably allows an unimpeded progress of photosynthesis 
[130] and diffusion of air through leaves and petioles to the oxygen-deficient roots. In R. 
cnspus and R. palustris leaf-atmosphere contact is also a prerequisite for the development of 
a new flooding resistant root system. Rumex acetosais non-resistant to flooding; no survival 
at all was observed after prolonged partial and complete submergence. The mortality after 
partial submergence is probably related to a limited or hampered gas diffusion through 
leaves and petioles to the roots. Rumex acetosa did survive waterlogging; biomass, however, 
was strongly reduced. A relation with the limited ability to develop new flooding-resistant 
roots is likely [181; chapter 7 in this thesis]. 
The relative competitive ability of the Rumex species under greenhouse conditions can 
be characterized by a rank order which is strongly influenced by the flooding regime. Under 
drained conditions R. cnspus was the strongest competitor, whereas no significant differ-
ences in competitive ability were observed between R. palustris and R. acetosa [see 74]. 
During the regrowth period, after 17 days of complete submergence, R. palustns became a 
stronger competitor than R. acetosa. This might be related to the fast development of a 
new flooding-resistant root system by R. palustris in the water saturated oxygen deficient 
soil, shortly after subsidence of (he flood water. Competitive hierarchies in other plant 
species may vary with water availability [61], soil nutrients [110] and levels of herbivory [11]. 
Competitive rank orders may also change during the course of the season [61,197]. In lower 
parts of the river area, with its relatively short growing seasons, this aspect might be of 
subordinate importance. The poor competitive ability of R. acetosa under well-drained soil 
conditions was not expected (see introduction). It is possible that the conditions during the 
competition experiment had more in common with a recently disturbed productive habitat 
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than with an undisturbed productive habitat. Under these conditions a competitive hier-
archy is mainly determined by factors such as maximal growth rate and initial plant sizes 
instead of the plants' efficiency in acquiring resources. When interpreting the transplanta-
tion results we should take into account that the experimental competition set-up may have 
underestimated the competitive ability of R. acetosa. 
The reciprocal transplantation experiment in the acetosa-zone was performed in a rela-
tively dense, elevated meadow with a hay and aftermath management (table 1). The high 
mortality of R. palustris in June of the first growing season coincided with a strong increase 
in biomass of the surrounding grasses and an increase of the herbivory by slugs and snails. 
Grazing by invertebrates can have a much greater impact when a plant is simultaneously 
subjected to another form of stress such as competition [43,193]. The competition exper-
iment provide convincing evidence that R. palustris is a relatively poor competitor under 
non-flooded conditions. It is therefore assumed that a synergism between plant competition 
and invertebrate herbivory caused the fast elimination of R. palustris in the acetosa-zone. 
Additional evidence for the important role of competition in the survival of R. palustris is 
based on the observation that this species can survive and flower in the acetosa-zone in a 
cleaned plot with limited competitive interference (data not shown). The survival of both 
R. acetosa and R. enspus in the acetosa-zone is more or less identical. Invertebrate grazing 
or clipping can change the balance of competition between plant species [11,42]. Presum-
ably the high herbivory pressure on R. enspus in the acetosa-zone might have decreased 
its competitive ability. The sharp increase in "biomass" of R. enspus during the beginning 
of the second growing season is probably related to the open structure of the vegetation 
shortly after a flooding period. The gradual decline in "biomass"1 of R. enspus during the 
remaining second season suggests that this species might eventually be eliminated in the 
acetosa-zone. 
Floods in both winter and summer are frequent but erratic events in the crispus-zone. 
Flooding-induced mortality of the luxuriously growing R. acetosa (figures 3B/C) suggests 
that inundation set bounds to the distribution of this species. This corresponds well with its 
limited flooding resistance in the greenhouse. Nearly complete mortality of R. palustris was 
observed in the crispus-habitat within the two-year experimental period. Despite the high 
flooding frequency, mortality of R. palustris showed a much more gradual course than the 
mortality of this species in the acetosa-zone. This suggests that the more open vegetation 
structure in the crispus-zone, due to frequent flooding-induced gap formation, in combina-
tion with the poor competitive ability of R. palustns is responsible for the relatively long 
survival of R. palustris in the crispus-zone. 
Floods in the palustris-zone are frequent and prolonged. Great differences do exist be-
tween different years [181]. Rumex plants were not able to survive the long-lasting flooding 
in the second season. Survival of adult plants, flowering and subsequent seed set will there-
fore strongly depend on year to year variations in flooding regime. Regeneration from a 
persistent seed bank may be an adaptive trait essential for long-term survival of the R. 
palustns population in this zone [see 75]. Rumex palustns has a persistent seed bank and 
possesses germination characteristics which enable the formation and maintainance of such 
a seed bank [184]. In years with only a few floods R. palustns germinates early, develops 
rapidly and overwinters as a rosette, while flowering, seed set and seed dispersal takes place 
during the next growing season. Rapid growth in this zone is related to the lack of strong 
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competitors (no perennials are present in this zone) and the ability of this species to resist 
poorly drained soils. For R. cnspus a relatively low "biomass", compared to R. palustns. 
was observed in the palustris-zone. Such a restricted giowth rate mav lead to limited sur-
vival opportunities during the following winter and spring floods. As a consequence hardlv 
any seed bank of R. crispus will develop in the palustris-zone, although it has the potential 
to form such a seed reservoir. This forms a possible explanation for the rare occurrence of 
R. cnspus in the palustris-zone. 
It can be concluded that long-lasting floods, especially during summer, have a direct 
impact on the field distribution of R. acetosa in the river area. This species is not adapted 
to survive conditions associated with a flooded environment; its distribution is therefore 
restricted to seldomly flooded sites. The resistance of R acetosa to invertebrate herbivorv 
mav play an important role in the long-term survival in its own habitat. 
Floods with a limited duration have both direct and indirect influences on the survival 
of R. cnspus and R. palustns. These species are flooding resistant and as a consequence 
they are able to resist the direct adverse effects of floodings to some extent. Indirectly 
flooding can create gaps in the vegetation, thereby enhancing growth of both R. cnspus 
and R. palustns after subsidence of the flood water. It is assumed that R. cnspus is best 
adapted to exploit these conditions. 
The distribution of R. palustns is limited by biotic factors (competition, herbivory) in 
the higher zones and an abiotic factor (prolonged floods) in the lower zone. Despite its 
relative flooding resistance, established vegetative plants cannot survive catastrophic long-
lasting floods. Adaptations at other stages of the life cycle (seed bank, germination) are 
essential for long-term survival on population level. 
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ROOTING P A T T E R N S OF R U M E X SPECIES U N D E R D R A I N E D 
CONDITIONS 
A B S T R A C T 
Root development and architecture were studied in three Rumex species 
growing in a perforated soil system in the greenhouse. Distinct differences 
in vertical root distribution under drained conditions were found among the 
three species. R u m e x acetosa and R. palustris had a relatively superficial root 
pattern, whereas in R. crispus much of the root growth was concentrated in 
lower soil layers. In the upper soil layer the relative growth rate of the roots of 
R. palustris was significantly larger than that of the other species. A relation 
between the characteristic rooting patterns under drained conditions and the 
Rumex zonation in the field is discussed. 
I N T R O D U C T I O N 
This study is part of a project investigating the effects of irregular flooding, which may 
occur even during the growing season [32,163], on the distribution, the population biology, 
and the physiological processes in three Rumex species occurring in a river area [21]. These 
species are distributed along a flooding gradient. Rumex acetosa is found on high, seldomly 
flooded dikes and river levees. Rumex palustris occurs in very low, frequently inundated 
mud flats in former riverbeds. Rumex crispus has an intermediate position on the gradient 
(figure 1). 
Since the first effects of waterlogging occur in the soil, special attention is given to the 
root systems of the species under study. A direct effect of inundation is a major decrease in 
gas exchange between the atmosphere and the soil [5.121]. Any oxygen remaining in the soil 
is soon exhausted as a result of root and soil microorganism respiration [121]. Waterlogged 
roots must therefore function in almost anaerobic soils. A known phenotypic response to 
waterlogging is an altered vertical distribution of roots; they tend to be concentrated in the 
upper soil layers [54,87]. Such a response is also known in flood-resistant Rumex species, 
e.g. R. palushis [181; chapter 7 in this thesis]. An altered distribution is probably related 
to the better aerated upper soil layer under waterlogged conditions [85]. 
In a series of papers the effects of changing water levels on the rooting patterns, biomass 
production, flowering capacity and achene production will be discussed. This paper focusses 
on the rooting patterns of R. acetosa, R. crispus and R. palustris under drained conditions. 
Drained conditions occur in the river area between subsecjuent floods. A recently devel-
oped nondestructive root observation method was used to study the root development and 
architecture under well-drained conditions. 
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MATERIAL A N D M E T H O D S 
Plant species and field observations 
In the Netherlands Rumex acetosa L. and R. cnspus L. are common species of grasslands; 
R. palustris Sm., however, occurs most frequently on mud flats. Both R. acetosa and R. 
cnspus are perennial species [81,142] and R. palustris is in the river area biennial or short-
lived perennial. Rumex acetosa has fibrous root pattern, whereas the root systems of both 
mam dike 
hqh water leiet in «inter 
high valer level in summer 
low water level 
Figure 1: The zonation of Rumex acetosa, R. cnspus and R. palustns in the river foreland 
of the Rhine. 
R. cnspus and R. palustns are dominated by a tap-root [95]. The achenes of R. acetosa, R. 
cnspus, and R. palustns were collected in 1985 at locations near the Waal, a major river of 
the Rhine delta. All achenes were stored in the dark at room temperature until they were 
used for this experiment. To obtain an impression of the occurrence of the Rumex species 
in relation to the environmental factors under study, the frequency and duration of floods 
Figure 2: The perforated soil system: 1. soil; 
2. perforation; S.mtrascope; 4- connection for 
light source. 
in Rumex zones in the growing season were recorded from 1980 to 1986. The pore volumes 
of 100-cm3 soil samples collected in the field from 2-6 and 10-14 cm below the soil surface 
were determined with a vacuum air pycnometer [cf.115]. 
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Methods 
Roots were studied by means of a nondestructive observation method, the so-called 
horizontally perforated soil system [26,177]. In this system 99 perforations (each with a 
diameter of 12 mm) were bored through a soil monolith (height, 420 mm; width, 270 mm; 
depth, 185 mm) before achenes were planted. The distance between the perforations was 15 
mm. The root segments and root apices in the perforations were observed with the aid of an 
intrascope (see Figure 2). According to Bosch [26], the natural development of roots is not 
influenced by the perforations, provided the diameter is not larger than 15 mm. Counting 
of all root segments and root apices in the perforations allows the estimation of both root 
length and number of root apices present in the total soil monolith. However, the root 
systems studied must satisfy two conditions: (i) distribution of root density is the same in 
and outside the perforations and (ii) density of all roots is equal in all directions. Root 
length and the number of root apices can be calculated according to the following equations 
[26]: 
TTU'/l 
Ь г = riT — — 
zmd 
Mt = n,—— 
іп0.2Ьпаг 
where L7· is the approximate total root length (m); n
r
 is the number of observed root 
segments (root apices are counted as half a root), w is the width of front plate (m): h is 
the height of soil monolith (m); m is the number of sampled perforations; d is the diameter 
of the perforations; M( is the estimated number of root apices; and П( is the number of 
observed root apices. 
To provide an indication of the vertical distribution of the roots, the soil monolith was 
divided into six soil segments, each with a height of 70 mm. In each segment the total 
root length and the number of root apices were calculated. At the end of the experiment 
the total root length in the soil monolith was also measured with the line intersect method 
[77,114,1391, using a Comair root length scanner (Comair, Melbourne). In this paper, root 
development (increase in root length) is presented as relative growth rate (RGR) analogous 
to the relative growth rate first described by Fisher [60]. 
Experimental design 
The experiment was carried out during the winter of 1986. The achenes were planted 
just below the soil surface, in 12 soil monoliths (four per species), in a substrate of sand and 
potting compost (3:1, v/v). Five achenes were planted in each soil monolith. This number 
was reduced to one just after seedling emergence (approximately 1 week after sowing). The 
soil monoliths 
were watered carefully every clay, and once a week Hoagland's nutrient solution diluted 
to 25 % was used. During the experimental period the temperature in the greenhouse varied 
from 15 0 C at night to 20-24 0 C during the day (photoperiod 16 hours). At regular intervals 
after sowing (2, 3, 4, 5, and 6 weeks) the root segments and root apices in the perforations 
were counted. The root system of most plants reached the bottom of the soil monolith after 
6 weeks of growth. Therefore, immediately after the root counts in week 6 the plants were 
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destructively harvested to measure the root length with the Comair root length scanner. 
The fresh and dry weights of the roots were determined. 
Table 1: The mean root length m metres (-L· 1 SE) of three Rumex species measured with 
the Ime intersect method and the perforated sod system The results of the paired t-test are 
also presented. 
Species Perforateci soil system Line intersect method t 0 
Rumex acetosa (n=4) 
Rumex cnspus (ii=4) 













Sample statistic of t-distnbution 
Figure 3: The mean relative growth 
rate of roots of Rumex acetosafö) , 
R. crispus(O) and R. palustns(O) per 
period of 1 week (± 1 SE). ** signifi-
cantly different from both other species 
(P<0.05); * significantly different 
from one other species (P<0.05). 
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Stat i s t ica l analyses 
All statistical analyses were performed by means of the SAS statistical package. A paired 
t-test was used to analyze the data from the two sets of root length measurements (after 
log transformation). The influence of the species on the number of root apices per metre 
root length (after arcsin transformation), the root weight per metre root length (after arcsin 
transformation) and the RGR of roots were analyzed with a one-way ANOVA. Comparisons 
of means were performed with Fisher's contrast test. The influence of the species on the 
relative vertical root length and root apex distribution was tested with a nonparametrical 
test, i.e. the Kuskal-Wallis test [159]. 
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R E S U L T S 
The relation between the root length measured with the line intersect method (y) and the 
perforated soil system (.r) was significant (linear regression: y = 3.69 + 0.7Üx; R2 = 0.82; Ρ 
< 0.001). The results of the paired t-test show that within R. acetosa there was no difference 
between the two methods. Although considerable differences between calculated ( J ) and 
measured (y) root lengths were found in R. cnspus, these differences were not statistically 
significant. Within R. palustris, however, there was a significant difference between both 
root length methods (table 1). 
Figure 4'· The mean relative growth 
rate of roots of Rumex acetosa (A) , 
R. crispus(U) and R. palustnsf*) per 
soil segment (each soil segment has 
a height of 70 mm; soil segment 1 
is located near the surface of the soil 
monolith, whereas layer 6 reaches the 
bottom). 
Relative root growth rate 








A summary of the mean RGR of roots of the Rumex species for each weekly period is 
given in figure 3. The RGR of the roots of R. palustris was relatively small during the first 
2 weeks. After this period an increase in RGR took place, leading to the highest rate for 
this species in week 5 to 6. 
The mean RGR of root systems of R. acetosa, R. cnspus and R. palustris per soil segment 
are presented in figure 4. The highest RGR for all species was reached in soil segment 3. 
Furthermore, it can be seen from figure 4 that R. palustris had a relatively high RGR in 
soil segment 1, whereas the other two Rumex species had lower RGR values (P = 0.06 in 
both comparisons). 
Figure 5 gives the relative vertical distribution of the root length and the relative number 
of root apices after 6 weeks of growth of the three Rumex species at different depths in the 
soil. It is clear that R. acetosa and R. palustris had the greatest root length and the largest 
number of root apices in the uppermost soil segment. For R. cnspus the situation was 
different, i.e. the greatest root length and the largest number of root apices were located in 
the second segment. 
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Table 2 presents the number of root apices per metre root length. Rumex crispus has 
significantly (P<0.05) more root apices per metre root length than either of the other Rumex 
species after G weeks of growth. 
The mean dry weights per metre of root after destructive harvest were 4.07±0.19, 
5.22±0.39 and 3.18 mg.m" 1 ±0.50 SE for R. acetosa, R. crispus, and R. palustris, respec­
tively. The roots of R. palustris were lighter per unit length than those of R. crispus, whereas 
no significant differences were found for root weight of R. acetosa in comparison with those 
of the other two species. 
D I S C U S S I O N 
This paper emphasizes the importance of root length and the number of root apices in 
quantifying the root svstem. Root length and number of root apices arc better gauges of the 
capacity for roots to absorb water and nutrients than root weight [e.g. 25,64]. The number 
Relative number 
Relative root length (%) of root apices (%) 
0 50 100 0 50 
Figure 5: The relative vertical distribution of 
the root length and the number of root apices 6 
weeks after sowing (Ш , Rumex acetosa; ü , R. 
crispus; Ώ , R. palustris). The results of the 
Kruskal- Wallis test are included. 
of root apices gives a good indication of the branching intensity. From the comparison of the 
root lengths measured with the perforated soil system and the line intersect method (table 
1) it appeared that R. acetosa fits best in the model described for the perforated soil system. 
The root lengths calculated for both R. palustris and R.crispus more or less deviate from 
the real values (line intersect method). We presume that this might have been caused by 
the root pattern of R. enspus and R. palustris not fitting the conditions stated for equation 
1, that the density of roots must be equal in all root directions. The root systems of R. 
crispus and R. palustris, both dominated by a tap-root, have a relatively oblong nature, 
with only a restricted number of horizontally growing laterals. The formula by which the 
root length was calculated will therefore overestimate the number of horizontally growing 
laterals. As a consequence, the calculated root length will be overestimated. In conclusion, 
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Table 2: Number of root apices per metre root length of the whole root system of three Rumex 
species during several weeks after sowing. 
Weeks after sowing 
3 " 4 
R. acetosa 76.7 (34.3)"" 40.6(23.3)' 34.3(8.5) 16.9(3.7) 15.7(2.2)" 
R. cTispus 28.7 (14.3) 32.2 (15.8) 26.6 (7.4) 22.0 (1.9) 23.0·(1.9) 
R. palustris 34.0 (34.0) 28.4 (17.0) 23.8 (3.2) 17.4 (2.9) 16.5 (1.1) 
Values in parentheses are standard errors 
Significantly different from both other species (Рч0.05) 
it can be stated that the precision of estimation of root length and number of root apices 
depends on the specific root architecture of that species. 
During the first weeks of the experiment R. palustris showed a low RGR of roots, which 
is probably related to the low achene weight (0.46 mg±0.08 SD; length, 1.66 m m i 0 . l l SD; 
width, 0.98 mm±0.07 SD) and therefore to the restricted endosperm reserves. The achenes 
of R. acetosa and R. cnspus had mean weights of respectively 0.98 ing±0.25 SD (length, 2.00 
mm±0 21 SD; width, 1.23 mm±0.14 SD) and 1.72 mg±0.36 SD (length, 2.10 miii±0.20 SD; 
width, 1.42 Hiin±0.16 SD). A relation between low seed weight and a smaller root growth 
is also described by Asher and Ozanne [6]. Evans [55] and Stebbins [162]. 










































































Rumex palustris showed in weeks 5 to 6 a higher RGR of the roots than each of the 
other Rumex species (figure 3). Compared with R. acetosa and R. cnspus, the roots of R. 
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Table 4'- Mean pore volumes at two depths m the soil m three Rumex zones m the river 



































Values in parentheses are standard deviations. 
palustris grew faster in the upper soil segment (figure 4). Similar to R. palustris, R. acetosa 
concentrates a relatively large part of the total root length in the upper soil layer (figure 5). 
However, this species is characterized by lower RGR values. At the end of the experiment 
the root systems of both R. acetosa and R. palustris were characterized by relatively long 
and less branching roots, whereas the root system of R. crispus consists of relatively short, 
frequently branching roots (table 2). 
The study proved that root development and architecture of both tap-root species differ 
distinctly. It is possible that these differences are related to the positions of both species in 
the field. Rumex palustris is found in the river area on very low mud flats, where flooding 
occurs frequently and during long-standing periods (see table 3). A relatively superficial 
root pattern can be an important advantage in such an environment. Between two periods 
of flooding the uppermost layer is the only part of the soil that is aerated to some extent. 
The deeper soil layer has a very low air-filled pore volume (table 4). During and after floods 
the shallow nature of the root system enables plants to exploit the relatively oxygen-rich 
upper ьііі layer. Rumex crispus is mainly found on higher parts of the river area, which 
are also frequently flooded. However, the duration of most floods is short (see table 3). 
The air-filled pore volume is much higher in this zone (table 4). Rumex acetosa occurs 
on high dikes or river levees where flooding is nearly absent (see table 3). Factors such 
as competition, drought and soil compaction probably determine the root pattern of this 
species. The results of our experiment suggest that differences in rooting patterns among 
the species can be related to the natural occurrence of the three Rumex species in the field. 
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ROOT A N D SHOOT D E V E L O P M E N T OF R U M E X SPECIES U N D E R 
WATERLOGGED CONDITIONS 
A B S T R A C T 
The responses of Rumex acetosa, Rumex crispus and Rumex palustris to dif-
ferent levels of waterlogging were studied in sand culture experiments. Rumex 
crispus and R. palustris developed new flooding resistant roots as a response to 
waterlogging. The growth of these new roots caused a changed vertical distri-
bution of the root length in these species; most root length was concentrated in 
the upper 10 cm of the soil. Rumex acetosa did not show a significant develop-
ment of flooding-resistant roots and did not change its vertical root distribution 
during flooding of the soil. The results of the experiments indicate that growth 
expressed as relative growth rate, is positively correlated with the development 
of new flooding-resistant roots under waterlogged conditions. We concluded 
that R. crispus and R. palustris are more resistant to waterlogging than R. 
acetosa, which agrees with the distribution of these Rumex species in the field. 
Waterlogging resistance is, however, probably only one of the factors influencing 
differences in field location between Rumex species. 
I N T R O D U C T I O N 
The river areas in the Netherlands have a strongly fluctuating water level and sometimes 
become flooded with river water. In the winter these floods are more or less predictable, 
whereas in summer both frequency and duration of the inundations are erratic. In these 
areas, Rumex species are distributed along a flooding gradient. Rumex acetosa is found on 
high, seldomly flooded, dikes and river levees; Rumex palustris occurs on very low, frequently 
inundated mud flats of former river beds. Rumex crispus has an intermediate position [180]. 
It is hypothesized that this zonation of Rumex species in the river areas is mainly determined 
by the flooding frequency and duration; differences in flooding resistance can be important 
in explaining species-specific locations in the flooding gradient. Flooding can completely 
submerge the plant or it can be restricted to flooding of only the soil (waterlogging). In the 
river areas of The Netherlands, waterlogging is a transient phase between periods during 
which the soil is drained and periods with complete submergence. 
Waterlogging causes physical, chemical and biological changes in the soil environment 
[4,121]. The low solubility and the low diffusion rate of oxygen in water are responsible for 
the reduced exchange of oxygen between the atmosphere and the soil [91]. Oxygen remaining 
in the soil after flooding is consumed by the respiration of roots and microorganisms [121] 
and only a very small zone near the water surface may remain oxygenated [48]. A few 
adaptations of plants to flooding of the soil are known, e.g. the formation of aerenchymatic 
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tissues that allow aeration of the roots, thereby enhancing aerobic root respiration in flooded 
soils [87]. Another adaptation is a change of the vertical distribution of the root system 
during waterlogging. The growth of new roots is mainly concentrated in the upper soil 
layer; this causes a very superficial rooting pattern [52,87]. Two sand culture experiments 
were designed (o investigate the responses of the three Rumex species to waterlogging. The 
results obtained under controlled conditions are discussed in relation to the locations of the 
three species in the field. 
Figure 1: The changing water levels of 
the Rhine river m the study area near 
Nijmegen during 1980, 1983 and 1986. 
The rclatwelocations of three zones with 
different Rumex species are included m 
the diagrams (Ra: Rumex acetosa ; Re: 
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MATERIAL A N D M E T H O D S 
Plant species and field observations 
Eight Rumex species occur in the floodplain of the Rhine river in The Netherlands. Three 
of them, growing in areas characterized by different inundation regimes, were selected for 
this study. Rumex acetosa L. and R. enspus L. [142] are common grassland plants, not 
restricted to the river habitat. Rumex palustris Sm. is mainly found on mud flats. Rumex 
acetosa and R. enspus are perennials, whereas R. palustris is an annual, biennial or short­
lived perennial. The root systems of R. enspus and R. palustris are dominated by a tap-root, 
that of R. acetosa by a fibrous root pattern [95,180]. Achenes with perianths of the three 
Rumex species were collected in 1985 in the river area. They were stored in the dark at 
room temperature until used. Mixtures of achenes from several plants per species belonging 
to one river population each {R. acetosa: population near the village of Winssen; R. enspus 
and R. palustris: populations near the village of Kekerdom) were used in the experiments. 
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The changing water levels of the Rhine in the study area near Nijmegen were recorded in 
1980, 1983 and 1986 and are presented in figure 1. The position of the three Rumex species 
were measured with a levelling instrument and included in figure 1. 
Experiments 
A sand culture experiment in the greenhouse was designed to determine the differences in 
responses among the three Rumex species to different levels of waterlogging. Rumex achenes 
were sown in PVC pots (depth 50 cm. diameter 16 cm). Each pot contained five achenes 
and 30 pots were prepared for each Rumex species. After seedling emergence the number of 
plants per pot was reduced to one. The soil in the pots was regularly watered to keep the soil 
moisture near field capacity. Twice a week they were watered with 0.5 strength Hoagland's 
solution. Seven weeks after sowing, the plants were exposed to different water regimes. Nine 
pots per species were placed in containers with 0.1 strength Hoagland's solution 25 cm deep 
(partial waterlogging fPW]); another nine pots were placed in containerb with 0.1 strength 
Hoagland's solution 50 cm deep (waterlogging [W]). A drained water regime was maintained 
in the 12 remaining pots per species (control [C]). The water levels in the containers were 
kept constant. On day 0, three plants per species were harvested from control treatments. 
On days 12. 26 and 40 after starting the treatments, three plants per species per treatment 
were harvested Waterlogging is mostly a short, transient phase in the river area. The fast 
rise and sharp decline of the river water levels (figure 1), related to the rapid run-off of ram 
water from the upper reaches of the Rhine, restrict the duration of soil flooding; therefore, 
the treatments were continued for a maximum of 40 days At harvests the soil monoliths 
were washed out on a pinboard. The distance between the steel pins was 2.0 cm and the 
length of each pin was 8.5 cm. After washing, the total root system was divided into five 
vertical layers of 10 cm each. Dry weight (72 hours at 80 0 C) of shoots and roots per layer, 
and the root length per layer (Comair root length scanner [139]) were determined. Leaf 
area, number of leaves and the length of the largest leaf were also measured. The mean 
relative growth rates (RGR) of this experiment were calculated according to the formula 
first described by Fisher [60]. 
In a separate experiment in the greenhouse, the length of new roots developed after 
waterlogging was determined. For this experiment, Rumex achenes were sown in pots with 
a depth of 13 cm and a diameter of 13 cm. The large 50-cm pots were not used in this ex­
periment because data concerning the vertical distribution of the roots were not collected. 
After seedling emergence, the number of plants per pot was randomly reduced to one. 
Six weeks after sowing, the plants were placed in containers with 0.1 strength Hoagland's 
solution 13 cm deep (waterlogging treatment). On days 7, 14. 21, and 35 after starting 
the waterlogging treatment, four plants of R. acetosa, five plants each of R. crtspus and 
R. palustris were harvested. At these harvests, the length of new roots produced during 
the treatment was measured. These new roots were distinguished from older ones by the 
differences in colour and diameter. 
During both experiments, the temperature in the greenhouse varied from 15 "С during 
the dark to 20-30 0 C during the light period (16 hours photoperiod) The plants were 
illuminated by supplementary high-pressure sodium lamps (400 W) with a photosynthetic 
photon flux density at plant level of 115 /iEm"2b~1. 
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Statistical analyses 
The root and shoot data including the root:shoot ratio (RSR) were analysed using a 
two-way analysis of variance (ANOVA), with species, treatments and interaction as sources 
of variance (root length was analysed after log transformation). The RGR calculated over 
several treatment periods was statistically analysed using a two-way ANOVA, with species, 
treatments and interaction as sources of variance. The relative root length (after angular 
transformation) of each soil layer was analysed using a two-way ANOVA, with species, 
treatments and interaction as sources of variance. All statistical analyses were performed 
using the SAS statistical package [144]. 
Table 1: Effect of waterlogging on growth during three successive treatment periods and root 
and shoot data after 40 days of waterlogging of Rumcx acetosa, R. cnspus and R. palustris. 
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a
 • * PvO.05; ** Рч 0 01, * * * P<0 001; ns-not significant 
Analysis was performed after log-transformation 
RESULTS 
The statistical analysis of the RGR is summarized in Table 1. The main effect of the 
treatment was significant in the first treatment period (0-12 days). Waterlogging and, to a 
lesser extent, partial waterlogging resulted in all species having lower RGR values (figure 
2A). During the last treatment period (26-40 clays), there was a significant interaction 
between species and treatments. This interaction can be explained by the reduced RGR of 
R. acetosa during the waterlogging treatment (figure 2C). 
The statistical analysis of the RSR data after 40 days of treatment is also given in Table 
1. The main effects were significant; both treatments resulted in a very large reduction of 
the RSR. The significant interaction is probably related to the high values in the control 
series of R. cnspus and R. palustris and to the low root shoot ratio of R. acetosa during 
waterlogging (figure 2J). 
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Table 2: The mean length (m)(means ± 1 SE) of new roots of Rumex асеіоьа, R. crispus, 
and R. palustris produced during a waterlogging treatment. 
Days after waterlogging 
14 21 35 
R. acetosa (n=4) O.ld-0.1 0.4±0.1 0.3±0.1 0.4І0.1 
R. crispus (n=5) 1.8±0.2 3.1І0.4 15.9±1 1 32.7±6 9 
R. palustris (n=5) 2.3І0.4 3.2Ì0.3 15.0±3.0 19 1±4.6 
U RC 
Root shoot rado 
I I ConHol 
f~" l Partili »lUrlojoed 
^ Ш Waterlogged 
Figure 2: (Α-C) Growth (expressed as RGR) of three Rumex species during three successive 
periods with waterlogging treatments. (D-J) Root and shoot data after 40 days of waterlogging 
treatments (+ 1 SE; n=3; RA= Rumex acetosa ; RC— R. crispus ; RP= R. palustris). 
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Table 3: Effect of 4O days of waterlogging on the relative root length of Rumex acetosa, R. 
cnspus and R. palustris per 10 cm of sou layer. Results of a two-way ANOVA with species, 
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** 
* * * 
* * * 
variables 
Interactions 
* * * 
* 
* * * 
* * * 
* * * 
» PvO.05, ** P<0 01; * * * P<0 001; ns-not significant 
The root systems of the three Rumex species exposed to the treatments were morpho-
logically and structurally different. All primary roots stopped growing and gradually died 
in the inundated zone of the soil. New roots developed on the tap-roots of R.cnspus and 
R. palustris within 7 days. These roots can be divided into two morphological types: (i) 
strongly branched, thin, superficially growing roots (in the W treatment only); and (ii) 
thick, white, hardly branched roots, which penetrate into the deeper waterlogged soil layers 
(in both treatments). Both types were very poorly developed in R. acetosa. The length of 
all new roots developed during waterlogging (both types together) is presented in table 2 
(experiment 2). 
The statistical analysis of the root data after 40 days of treatment is summarized in 
table 1. The main effects (species and treatment) are significant for both root dry weight 
and total root length (old and new roots together). Significant interactions occur only for 
root length (figure 2E). The W treatment leads to a reduction of root dry weight (main 
effect) of all Rumex species under study (figure 2D). The total root length of R. acetosa 
after the W treatment was relatively low (figure 2E). The treatments not only influenced 
the total dry weight and length of the root systems but also the vertical distribution of 
the roots. The statistical analysis of the total root length (%) per soil layer after 40 days 
of treatment is given in table 3. Nearly all main effects and interactions in all soil layers 
were significant. An increase of the relative root length (% of length in all layers) after the 
W treatment in the uppermost soil layer was observed in R. cnspus and R. palustris, but 
not in R. acetosa. In R.cnspus and R. palustns the W treatment resulted in a reduced 
relative root length in the deeper soil layers (20-50 cm), whereas R. acetosa only showed 
slight changes in these layers after the same treatment. Only the deepest soil layer (40-50 
cm) of R. acetosa contained a reduced relative root length. The PW treatment resulted in a 
concentration of root length in the nonwaterlogged part of the soil monolith (0-25 cm) and 
a reduction of length in the waterlogged part (25-50 cm) in all species (figure 3). 
The statistical analysis of the shoot dry weight after 40 days of treatment is summarized 
in table 1. Treatments and interactions were significant for shoot dry weight. The three 
Rumex species show a higher dry weight of the shoot after 40 days of PW treatment. The 
interaction term can be explained by the low values of the R. cnspus and R. palustns 
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Figure 3: Mean relative root length per soil 
layer of Rumex species after 40 days of wa­
terlogging treatments (C, control: PW, par­








R acetosa R cnspus R palustris 
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controls (figure 2F). Rumex acetosa showed a relatively low leaf area after 40 days of W 
treatment (figure 2G). This lower leaf area is not only caused by a lower number of leaves 
(figure 2H), but must also be explained by a reduced increase of leaf length during the W 
treatment (figure 21). The W treatment resulted an increase in leaf length of the largest leaf 
after 40 days in both R. cnspus and R palustris 
D I S C U S S I O N 
All Rumex species under study showed reduced growth during the first 12 days of wa­
terlogging. A relation between this reduced growth rate and the restricted development 
of new flooding-resistant roots is likely. The functional significance of these new roots is 
accentuated by the continued low growth rate of R. acetosa and the very restricted devel­
opment of new roots in this species during the 26- to 40-day period of the waterlogging 
treatment. In contrast, R. cnspus and R. palustris showed a considerable development of 
new flooding-resistant roots and a "recovered" growth rate during this period. 
All Rumex species under study showed decreases in the RSR after both waterlogging 
treatments. A reduction of the RSR is commonly observed after waterlogging [94,149], even 
in flood-tolerant species [91]. The strongest decrease of the RSR was observed in the tap­
root species R. cnspus and R. palustns . During PW and W treatments, the development of 
the tap-root was strongly reduced. In the partial waterlogging treatment, a thick tap-root 
was only developed in the well-aerated zone of the soil; its development abruptly ceased as 
soon as the water table was reached. 
The strongly branched new roots, mainly developed in the taproot species, showed a 
tendency to horizontal growth. The observed diageotropism in this root type enables close 
contact of the roots with the air-water interface, where sufficient dissolved oxygen is present 
to support growth and nutrient uptake [e.g. 87]. 
Both R. cnspus and R. palustns showed a marked change in the vertical distribution 
of the root length during the two waterlogging treatments. After W treatment, most of 
the root length of these tap-root species was concentrated in the top 10 cm. This change 
in vertical distribution of root length was caused by a strong development of new roots 
on the tap-root in the upper soil layer. Several authors have described similar changes in 
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vertical distribution of roots after waterlogging [52,54,87,147,187]. The limited changes in 
the vertical distribution of root length of R. acetosa after W treatment is related to the lack 
of development of new roots after waterlogging. 
The results of the greenhouse experiments must be related to the distribution of the 
species in the field. It can be seen from the recordings of the changing water levels of the 
Rhine (figure 1) that the R. palustris and R. cnspus zones are frequently flooded and the R. 
acetosa zone is rarely flooded. These data and other field observations support the view that 
R. palustris and R. cnspus are growing under waterlogged conditions more frequently than 
R. acetosa . The three Rumcx species showed differential responses to the waterlogging 
treatments in the greenhouse experiments. Rumex cnspus and R. palustris were able to 
develop a new root system as a response to flooding of the soil and seemed more resistant to 
waterlogging. Rumex acetosa was less resistant to waterlogging; it did not show significant 
development of new flooding-resistant roots and it showed a very restricted overall growth 
under these conditions. It can be concluded that the degree of waterlogging resistance of 
the species corresponds with their field distribution. However, results of these greenhouse 
experiments indicate that differences in occurrences between R. cnspus and R. palustns 
in the field cannot be directly related to differences in waterlogging resistance. All Rumex 
species under study did survive a waterlogging period of 40 days. Therefore, it is likely that 
waterlogging resistance is not the only factor determining the zonation of these species in 
the field. This emphasizes the importance of studying the effects of submergence on survival 
and growth under greenhouse and field conditions before definite conclusions can be drawn. 
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ETHYLENE P R O D U C T I O N A N D PETIOLE G R O W T H IN R U M E X 
P L A N T S I N D U C E D BY SOIL WATERLOGGING: 
T H E APPLICATION OF A C O N T I N U O U S FLOW S Y S T E M A N D A LASER 
DRIVEN I N T R A C A V I T Y P H O T O A C O U S T I C D E T E C T I O N SYSTEM 
A B S T R A C T 1 
Petiole growth of Rumex acetosa, R. crispus and R. palustris in response to 
soil waterlogging was studied in relation to production of the gaseous plant hor-
mone ethylene. Ethylene production was monitored in a flow-through system 
and a recently developed laser driven photoacoustic detection system, which 
allowed ethylene measurements as low as 6 ppt. Rumex acetosa showed a 2-
fold increase in ethylene production correlated with a slight enhancement of the 
growth of the petiole that developed during the waterlogging treatment. Both 
R. crispus and R. palustris showed a strong petiole elongation of existing as 
well as newly formed petioles, which was correlated with a 20-fold increase in 
ethylene production after approximately 7 days. Increased rates of ethylene pro-
duction in R. palustris were related to a strong increase in ACC concentration 
and a blight, but detectable, increase in EFE activity. In R. acetosa on the other 
hand, only a very small increase in ACC concentration was observed. Changes 
in ethylene production in Rumex are strongly correlated with variation in ACC 
content and E F E activity. The ethylene economy (ethylene production/internal 
concentration vs. sensitivity) of the three Rumex species is discussed in rela-
tion to their field location in a flooding gradient and their differential resistance 
towards waterlogging and submergence. 
I N T R O D U C T I O N 
Temporary flooding of riparian habitats along river sides is a world-wide phenomenon, 
which may interfere with agricultural functions and nature conservation [93]. Comparative 
plant ecophysiological research improves insight into adaptive traits of plants to floods and 
provides important knowledge for the management of these areas. 
Rumex crispus L. and Rumex palustris Sm. are two species from the lower, frequently 
flooded parts of Dutch river areas. The formation of new aerenchymatous roots is an im-
portant mode for these species to survive the anaerobic soil conditions during a flooding 
period [96,181]. However, the development of these new roots and the diffusion of oxygen 
from the shoot to the root tips, can only take place when the shoot is not totally sub-
merged. The flooding resistant R. crispus and R. palustris have developed a mechanism to 
'Abbreviations: ACC: 1-Aminocyrlopropane-l-carboxylic acid, AVG: Aminoethoxyvmylglycine; EFE: 
Ethylene Forming Enzyme, SAM: S-adenosyl methionine. 
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ensure leaf-atmosphere contact during flooding periods: accumulation of the gaseous hor-
mone ethylene in the shoot mediates an enhanced elongation of petioles under submerged 
conditions [182,183]. 
Rumex acetosa L. mainly occurs on elevated and seldomly flooded areas such as dikes 
and river levees. This species is not resistant to flooding conditions: it develops only a 
very restricted number of new roots [181] and submersion and high exogenous ethylene 
concentrations are unable to induce enhanced petiole growth [182,183]. The ethylene econ-
omy (internal concentration vs. sensitivity) of Rumex plants under completely submerged 
conditions corresponds fairly well with their distribution in a flooding gradient in the field 
[182]. 
Previous studies [70,152,181] and field observations indicated that ethylene is also in-
volved in the growth of Rumex plants under waterlogged conditions (= flooding of the roots 
only). Especially R. cnspus and R. palustris showed the typical Rumex ethylene reaction 
[182] in response to soil waterlogging: an erected rosette stature and an enhanced elongation 
of petioles and, to a lesser extent, laminae [183]. Additional evidence for the important role 
of ethylene in the growth of partially submerged Rumex plants comes from the observation 
that enhanced growth of completely submerged petioles and stems continues until a large 
part of the shoot is above the water surface. In order to guarantee long-term survival under 
flooded conditions, it is essential for Rumex plants that a large part of the shoot reaches 
the water surface [186; chapter 5 in this thesis]. Trapped ethylene in the shoot rapidly 
dissipates into the atmosphere as soon as one or more leaves reach the water surface [112]. 
It is therefore assumed that an increased ethylene production might be of major importance 
in explaining the growth responses under waterlogged and partially submerged conditions. 
Increased rates of ethylene production in relation to soil waterlogging have already been 
described for other plant species [85,86,87,148]. Bradford and Yang [28,29,30] showed for 
tomato plants that ACC, the immediate precursor of ethylene, accumulates in flooded roots 
and is subsequently transported to the shoot via xylem vessels. In the shoot ethylene is 
synthesized from the transported ACC, a conversion catalysed by EFE [202,203]. 
This paper describes the results of a comparative study on the growth of petioles, ethy-
lene production, ACC levels and EFE activity in three Rumex species, from habitats with 
different flooding regimes, in response to soil waterlogging. ACC concentrations and EFE 
activity were measured to quantify the ethylene biosynthesis in order to gain insight into 
changes in ethylene production in response to environmental stimuli. A flow-through system 
(to avoid interference of CO2, O2, autoinhibition and autocatalyses [200]) connected with 
a recently developed laser driven intracavity photoacoustic detection system was used to 
monitor the ethylene production of Rumex plants. 
MATERIAL A N D M E T H O D S 
Plant material and growth experiments 
Characteristics of R. acetosa, R. cnspus and R.palustris and their natural habitats in 
Dutch river areas were described in Voesenek and Blom [180,182,183]. Plants used for all 
experiments had an age of 26 days and were grown from achenes mixtures (collected in 1987 
and 1988) under conditions described for laboratory experiments in Voesenek and Blom 
[182]. 
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To study the effect of soil waterlogging on petiole growth 20 plants per species were placed 
in plastic trays (50x30 cm) filled with a water layer of 6 cm (1 cm above the pots) for 9 days. 
Petiole growth was measured nearly every other day and compared with 20 control plants. 
Inhibitors of ethylene synthesis (AVG: 10"4M) and ethylene action (AgNOs: 10 CM) were 
used in another waterlogging experiment to elucidate the involvement of ethylene in petiole 
growth. A fine brush was used to spread the inhibitors over the leaf and petiole surface of 7-
10 plants per species per treatment (a 0.1 % v:v Tween solution was used to ensure optimal 
flow-out of the inhibitors). This procedure was repeated every day; AVG brushing started 
one day before waterlogging. Previous experiments learned that the inhibitor concentrations 
used were non-toxic. The experiment was conducted in the aforementioned plastic trays 
and lasted 8 days. Petiole growth was compared with a waterlogging treatment without 
inhibitors and a well-drained control treatment. 
In all growth and inhibitor experiments responses of two petioles per plant were recorded: 
(i) the youngest petiole that was already initiated before the onset of an experiment; (ii) 
the first petiole that developed entirely during treatment. 
The plants were carefully handled to avoid stress-induced ethylene production. Both 
experiments were conducted in the same growth chamber in which the plants were raised. 
Differences between treatment means were analysed with Bonferroni-t-tests after an analysis 
of variance. 
FIOWCONTROILERS 
Figure 1: The experimental set-up of a flow-through system connected with a laser driven 
mtracavity photoacoustic detection system to monitor ethylene production of Rumex plants. 
Ethylene measurements with a laser driven intracavity photoacoustic detection 
system 
Ethylene production was measured in a laser driven photoacoustic detection system 
in line with a flow-through system (figure 1). A mechanically chopped COj laser beam 
is directed into a photoacoustic cell containing an ethylene sample, which absorbs at the 
emission frequencies of the laser (9-11 /im wave length). The ethylene molecules are excited 
by the laser beam from the ground state into the rotational level of a higher vibrational 
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state. De-excitation processes will redistribute the energy. In general this de-excitation or 
relaxation takes place through collisions with other molecules present in the sample. This 
causes an increase in kinetic energy of the gas molecules and hence also of gas temperature. 
In a closed vessel (the photoacoustic cell) the increase in temperature leads to an increase in 
pressure. When the radiation source is modulated at audio frequency, the generated pressure 
fluctuations can be detected by a microphone. In order to maximize the microphone signal, 
the chopper was tuned to the resonance frequency of the photoacoustic cell, creating an 
acoustic "standing-wave" inside the resonator (length: 100 mm; diameter: 6 mm) of the 
photoacoustic cell. To increase the sensitivity even more, the experiments were performed 
in a recently developed set-up, in which the photoacoustic cell was placed inside the laser 
cavity. The increased sensitivity, due to the high intracavity laser power (100 W), allowed 
trace detection of ethylene as low as G ppt (1:1012)[76]. To monitor ethylene production of 
RumcT plants, induced by soil waterlogging, two plants, aged 26 days (for germination and 
growth conditions see Voesenek and Blom [182]), were selected and carefully transported to 
the laser-equipment. They were separately placed in glass cuvettes (volume 0.2 1), in which 
they were allowed to acclimatize for 24 hours. Both cuvettes were continuously flushed with 
air (flow rate: 0.9 1 h o u r - 1 ) which was, from the outlet port, directed into the photoacoustic 
cell. Before entering this cell the air flowed through a scrubber filled with KOH grains to 
remove water and CO2. Hereafter one of the cuvettes was slowly filled with tap water up 
to a height of 1 cm above the upper pot edge. The ethylene production of plants in both 
cuvettes (control and experiment) was monitored for 8 days. 
The effectivity of AVG in inhibiting ethylene synthesis in Rumex plants, was tested in an 
ddditional experiment with the intiacavity laser configuration. During this expeiiment the 
ethylene production in three, instead of the usual two, cuvettes was monitored. One of them 
was used as a reference for zero ethylene production. The second cuvette contained a Rumex 
plant which was waterlogged after an acclimatisation period of 24 hours (brushed with water 
12 and 24 hours before the onset of the waterlogging treatment), whereas the third contained 
a plant which was waterlogged and had received a pretreatment with AVG (brushed with 
AVG (J0" 4 M) in a Tween solution 12 and 24 hours before the onset of the waterlogging 
treatment). The waterlogging treatment lasted 24 hours. The experiments were conducted 
at a constant temperature in the sample cuvettes of 25 ± 1 0 C . All experiments in which 
the ethylene production of Rumex plants was monitored were performed at a continuous 
photosvnthetic photon flux density of 50 μ Ε ι η " ^ - 1 . All experiments were at least once 
repeated; representative data are presented. 
A C C determinations and EFE activity 
ACC was determined in R. acetosa and R. palustris; complete shoots (0.5-1.5 g fresh 
weight ) were ground in liquid nitrogen and extracted with 80 % ethanol, in two heating cycles 
at 70 0 C . The ethanolic supernatants were combined and concentrated in vacuo at 45 °C. The 
dry residue was redissolved in 2 ml water and lipids and other materials were re-extracted 
by partitioning with a 4 ml dichloromethane phase. The ACC-content in the aqueous upper 
layer was determined according to Lizada and Yang [100] with only minor modifications to 
get optimal conversion of ACC to ethylene («70%). All ACC determinations were performed 
with internal standards (ACC was purchased from Sigma). All determinations were repeated 
twice; calculated means (n=3) are presented. The ethylene analyses were conducted with 
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a Chrompack 438A gas Chromatograph, equipped with a flame ionization detector and a 
stainless steel column (2 mm χ 1 m) filled with Porapak Q. 
EFE activity in all three Rum ex species was determined by measuring the ethylene 
production of all leaves excised from one plant, loaded with saturated levels of ACC. The 
saturating ACC concentration was determined in a previous experiment by monitoring ACC 
to ethylene conversion of leaves incubated in 1, 2, 3 and 5 mM ACC during several time 
intervals. No increase in conversion was observed beyond 1 mM and after a loading period 
of 60 minutes. The actual measurements were performed in capped 40 ml serum vials with 
a 60 minute loading period (20 0 C) and a 3 mM ACC concentration. Four replicates were 
used for each determination; ethylene analyses were conducted as mentioned before. 




• Drained control 
Romei Crispos 
Figure 2: The growth of petioles (n=20; ± 
1 SE) of Rumex acetosa, R. cnspus and 
R. palustris m response to soil waterlogging 
and drained soil conditions (controls): I the 
youngest petiole which was already initiated 
before the onset of the experiment; II the 
first petiole which developed entirely during 
treatment conditions (* significantly differ­
ent from control petiole length: Bonferrom-
t-test (P<0.05)). 
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Table 1: Length (mm)(meavs ± 1 SE; n=7-10) of petioles of Rumex after a 8-day exposure 
to several treatments (- petiole to small to measure, means with the same letter m a row 
are not significantly different; Bonferroni-t-test: P<0.05). I the youngest petiole present 
at the onset of the experiment; II. the first petiole that developed entirely during treatment 
conditions. 
Control Waterlogging 
no inhibitor AVG AgNOs 
5L4Ì3195 55.9ІЗІ95 52.2±3.8¿ б І І І З ^ 5 
26Л±4.0а 44.7±5.06 29.6±3.8ο6 ЗО.ЗІЗ.Э"6 
Rumex enspus I 22.0±2.5'· 35.6±2.56 25.4±2.2a 2G.0±1.4a 
II - 1 9 ^ 1 . 6 " 12.3±1.46 12.0±0.9* 
Rumex palustris I lO-SiO.?" 2A.7±\.Qd 18.3±0.8C \А. ±й.Ъъ 
II 8.3±0.7a 22.6±1.2C \2.2±Q.&b 10.8±0 ЪаЬ 
RESULTS 
Two types of growth responses of petioles to soil waterlogging can be distinguished in 
the studied Rumex species (figure 2). The first response type, observed in R. enspus and R. 
palustris, was characterized by a strongly stimulated elongation of already developed petioles 
as well as new ones. In addition the emergence of new petioles is also accelerated by the 
waterlogging treatment. Rumex acetosa showed the second type of response in which no 
growth enhancement of the existing petioles occurred, whereas the newly developed petiole 
showed a small, but significant, increase in length after soil waterlogging. 
These two types of growth responses correlated well with two distinct patterns in ethy­
lene production induced by soil waterlogging (figure 3). A few hours after the onset of 
the flooding treatment, the ethylene production increased in both R. enspus and R. palus­
tris. This increase was followed by a sharp decrease of the production after 10-15 hour. 
The period hereafter was characterized by a gradual increase of the ethylene production. 
Although temperature and light conditions were constant, an apparent circadian rhythm 
in the production rate was observed. At the end of the experiment a 20-fold increase in 
ethylene production was observed in the waterlogged plants. A rather different response 
was observed in R. acetosa. This species showed only a low peak during the first hours 
of waterlogging, followed by a slightly enhanced ethylene production in the course of time 
(approximately two times the control production). A circadian rhythm as found in both 
other species was not detected. Noteworthy is the relatively high ethylene production of R. 
acetosa under control conditions when compared with both other species. 
Both AVG and AgNOj inhibited the growth of petioles capable of enhanced elongation 
in response to waterlogging (table 1). However, in petioles of R. enspus that emerged during 
the course of the experiment and all the petioles of R. palustris, this growth inhibition was 
not complete , suggesting a partial inhibition of the ethylene biosynthesis (AVG) and/or 
action (AgNOs) or the involvement of other factors besides ethylene. Figure 4 shows that 
AVG treatment during the first 24 hours of waterlogging led to an ethylene production 
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Figure 3' The ethylene production o/ Rumex 
acetosa, R. cnspus and R. palustris m re­
sponse to soil waterlogging, monitored in 
a continuous flow system m Ime with a 
laser driven mtracavity photoacoustic detec­
tion system The ethylene production of 
a well-drained control plant is presented as 
a mean production level. The arrow indi­
cates the onset of the waterlogging treatment. 
Shoot dry weight was determined at the end 
of an experiment. 
Figure 4' The ethylene production of 
Rumex acetosa, R. crispus and R. 
palustris m response to soil water­
logging with (+AVG) and without (-
AVG) AVG-pretreatment. The arrow 
indicates the onset of the waterlogging 
treatment. These data were obtained 
with the same laser-equipment as m fig­
ure 3. Shoot dry weight was determined 











Figure 5: The ACC-concentrahon (n=3, ± 1211 
1 SE) of Rumex acetosa and R. palustris m 
response to son waterlogging. 0 5 ю 1S 20 25 о 5 io is 20 25 
Hours 
below or near the normal control level (ethylene production of the plants not treated with 
AVG before onset of waterlogging). This indicates that the remaining ethylene production 
can not be responsible for the enhanced petiole growth in AVG treated waterlogged plants 
of R. crispus and R. palustris. Both R. cnspus and R. palustris showed a relatively high 
rate of ethylene production in plants that were only brushed with water in order to function 
as controls (figure 4; - AVG). These increased production levels, probably due to handling 
(brushing procedure) 12 and 24 hours before the onset of the waterlogging treatment, are 
additional evidence that R. cnspus and R. palustris, in contrast to R. acetosa, strongly 
increase their ethylene production in response to various kinds of stress. 
Since R. crispus and R. palustris showed nearly equal changes in petiole growth and 
ethylene production rates in response to soil waterlogging, ACC levels were only deter­
mined in R. palustris and compared to those of R. acetosa. In both species the ACC level 
increased within a few hours after the onset of the treatment; the by far largest increase, 
followed by a decrease, was observed in R. palustris (figure 5). The changes in ACC levels 
correlated well with the observed differences in ethylene production between R. acetosa and 
R. palustris during the first 24 hours of waterlogging (figure 3). A 2-to б-fold increase above 
the basic ACC level was observed in R. palustns after 24-128 hours of soil waterlogging 
(data not shown). No distinct circadian rhythm was present. In the same period the ACC 
concentration in shoots of waterlogged plants of R. acetosa hardly exceeded the control 
levels (data not shown). Waterlogging induced an increase in EFE-activity, especially in R. 
cnspus and R. palustns (figure 6). This enhanced EFE activity in both species was still 
evident after 156 hours of waterlogging (data not shown). The large standard errors hamper 
interpretation of the EFE data of R. acetosa. The relatively high level of EFE activity and 
the slightly higher ACC levels in control plants of R. acetosa are positively correlated with 
its higher basal ethylene production (figure 3). 
D I S C U S S I O N 
The intracavity photoacoustic detection set-up allowed a unique continuous monitoring 
of ethylene production of small individual plants. The actual measured concentrations in 
the photoacoustic cell ranged from 0.05 to 1.0 nl/1 (ppb) in the course of our experiments. 
Changes in ethylene production rates of individual plants and differences between species 
from different habitats were detected with great accuracy. 
Rumex acetosa 
о Waterlogging 
• Drained control 
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Figure 6: The EFE-aetivity (n=i; ± 1 SE) of Rumex acetosa, R. cnspus and R. palustris 
m response to soil waterlogging. The EFE-activity of well-drained control plants (n=16-20) 
is presented as a mean level (i- 1 SE). 
It can be concluded that ethylene plays a central role in the regulation of petiole growth 
in Rumex species in response to soil waterlogging. Since the ethylene production was mon­
itored on one single plant, direct comparison with mean ACC and EFE data (measured 
on several plants) demands careful interpretation. Taking this in account our experimental 
evidence shows that in Rumex plants ethylene is synthesized via the pathway described by 
Adams and Yang [1]: methionine—»SAM—»ACC—»ethylene. Waterlogging stimulates ethy­
lene production in Rumex plants via increases in ACC levels and EFE activity. Although 
a significant increase in EFE activity was observed within a few hours after flooding, the 
formation of ACC is probably the rate-limiting step since application of ACC during the 
waterlogging treatment always led to an increased ethylene production. Stress-induced syn­
thesis of ACC-synthase and increased EFE activities have already been described for other 
plant species [for reviews see 85,86.203,204]. The observation that waterlogging actually 
induces an immediate peak in ethylene production of R. crispus and R. palustris, which 
is followed by a more substantial increase only after approximately two days is of special 
interest. This early ethylene peak may have initiated the increase in production that fol­
lows later. A similar process was suggested to take place during stress-induced senescence 
in flowers [199,200]. In tomato plants, ACC was shown to be translocated from the roots 
to the shoot within a few hours after the roots were flooded [28]. The early ethylene peak 
observed in our experiments may therefore be the result of ACC translocation from the 
roots. 
The circadian fluctuations in ethylene production rates of R. crispus and R. palustris 
are probably endogenously controlled since they continued under conditions of constant 
light and temperature. The acquaintance with such a rhythm is a prerequisite for studying 
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ethylene production in a time course. Endogenous circadian rhythms in ethylene production 
are also known for other plant species [53,90,132]. 
The studied Rumex species strongly differ in their ethylene economy. The differential 
responses fit well into the habitat selection of the species. The growth of petioles of R 
acetosa is inhibited by high exogenous ethylene concentrations [182]. High endogenous 
concentrations in this species are probably prevented under waterlogged conditions since 
the ethylene production only slightly increases (figure 3). Low momentary internal ethylene 
concentrations under these conditions stimulate growth of newly developed petioles only 
slightly (figure 2). Submergence of the whole plant, however, results in entrapment of 
ethylene and therefore in relatively high and for R. acetosa inhibitory ethylene levels [185]. 
The responses of R. acetosa to endogenous ethylene levels correlate with its occurrence in 
seldomly submerged parts of the river area and in moist hayfields with high ground water 
levels. 
Both R. ens-pus and R. palustris are characterized by enhanced petiole growth in response 
to high exogenous ethylene concentrations [182]. If we assume that elongated petioles and 
an erected rosette stature are both adaptive traits under partially submerged conditions, a 
strong enhancement of the ethylene production under these conditions must be favourable. 
Both traits are probably functionally related to an increase of the photosynthetic area and a 
maximal diffusion of air to the oxygen deficient roots, if a large part of the shoot protrudes 
from the raised water level. Probably due to ethylene entrapment, an even greater petiole 
elongation of R. enspus and R. palustris was observed under submerged conditions [183]. 
Rumex palustris and, to a somewhat lesser extent, R.enspus are found in habitats with 
frequent long-lasting floods even in the growing season. This distribution correlates with 
the ethylene economy of both species. 
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G R O W T H R E S P O N S E S OF R U M E X SPECIES IN RELATION TO 
S U B M E R G E N C E A N D E T H Y L E N E 
A B S T R A C T 
Submergence stimulates growth of the petioles of Rumex palustris and Rum-
ex crispus under field, greenhouse and laboratory conditions. Growth of Rumex 
acetosa petioles was hardly influenced by submergence. These growth responses 
under flooded conditions can be partially mimicked by exposing non-submerged 
Rumex plants to ethylene-air mixtures. Submergence of intact plants in a so-
lution of AgNOa inhibited the elongation of all petioles of R. palustris and the 
youngest petiole of R. crispus but stimulated growth of the youngest petiole of 
R. acetosa. The ethylene-air mixture experiments, the effect of AgNOs and the 
observed increase of the endogenous ethylene concentration during submergence 
suggest that ethylene plays a regulatory role in the growth responses of these 
Rumex species to submerged conditions. The three Rumex species showed a 
gradient in elongation responses to submergence, which correlates with the field 
distribution of the three species in a flooding gradient. 
I N T R O D U C T I O N 
Rumex species are common in the river areas in The Netherlands. These areas are 
characterised by strongly changing water levels caused by irregular run-off of melting snow 
and rain water. Summertime floods greatly influence the distribution, population biology 
and physiological processes of plants [21]. The zonation of Rumex species occurring in those 
areas is supposedly related to these inundations. Rumex acetosa is found on high, seldomly 
flooded dikes and river levees, whereas R. palustris occurs in very low, frequently inundated 
mud flats in former riverbeds. Rumex crispus occupies an intermediate position in the 
flooding gradient [180]. 
Rumex species occurring in the interface regions between land and water must have 
developed adaptations to survive such a habitat. One of the mechanisms for amphibious 
plants to survive is "depth accommodation", in which enhanced elongation of the submerged 
shoot restores contact of this organ with the water surface [84,85,117,130]. This growth 
in response to submergence is attributed to accumulation and/or increased production of 
ethylene in the shoot tissue [130]. Evidence exists that other plant hormones (auxin and 
gibberellin) are also involved in shoot elongation in response to submergence [112,124,188]. 
In addition to other hormones, there is much evidence that decreased oxygen availibility 
and enhanced carbon dioxide concentrations may also be involved [86,117,130]. 
In a project investigating the effects of irregular floods on Rumex zonations, field, green-
house and laboratory experiments were carried out to assess the causal relations between re-
sponses to submergence, endogenous ethylene levels during submergence and species-specific 
petiole elongation in response to this plant hormone. 
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MATERIAL A N D M E T H O D S 
Plant material 
Three Rumcx species, growing in areas with different flooding regimes, were selected for 
this study. Rumex acetosa and R. cnspus are perennial species, whereas R. palustris is an 
annual, biennial or short-lived perennial. In the river area this last species has an biennial 
or short-lived perennial life history related to the late germination after subsidence of the 
flood water in the late summer. In the Dutch river areas R. acetosa and R. cnspus are 
species of grasslands, wheras R. palustris is mainly found on mud flats. 
During all experiments mixtures of achenes from several plants per species, each belong-
ing to one population, were used. The achenes with perianths were collected in 1986 in the 
river area and stored at room temperature in the dark until used. 
Field experiment 
The three Rumex species were sown in May 1986 in plastic containers (height: 50 mm; 
diameter: 55 mm) filled with soil, originating from the river area. The temperature in the 
greenhouse varied from 15 "C at night to 20-30 0C during daytime (photoperiod 16 hours). 
During low external light intensities, the plants were supplementary illuminated by high 
pressure sodium lamps (400W), with a photosynthetic photon flux density (PPFD) at plant 
level of 115 /¿Em~2s"1. After six weeks of growth and one week of hardening outside the 
greenhouse the young Rumex plants (approximately 4-7 leaves) were transplanted (June-
July 1986) into six field plots. Three plots were located in a very low, frequently inundated 
part of the river area, while the remaining three plots were located in a higher part of 
this area. Each plot initially contained 36 plants per species, transplanted randomly in a 
grid pattern. The transplanted plants developed no flowering axis during the study period. 
The plots in the lower zone were flooded once during the experimental period, seven weeks 
after transplantation (duration 4 days ; maximal depth 0.60 m above the soil surface). 
Eight days before and nine days after this flooding the longest petiole of every plant was 
measured. Therefore, petioles measured at one plant during both visitations of the field are 
not necessarily the same. The plots in the higher zone were not flooded during the study 
period. 
Greenhouse experiment 
Plants were grown from achenes in containers (height: 170 mm; diameter: 180 mm) 
filled with river sand. After seedling emergence, the number of plants per pot was randomly 
reduced to one. The pots were regulary watered to keep the soil moisture near field capac-
ity. They were watered twice a week with 0.5 strength Hoagland's nutrient solution. The 
greenhouse conditions were the same as described in the previous experiment. After 46 days 
of growth the plant rosettes (7-10 leaves) were exposed to different treatments. Eighteen 
containers per species were submerged in plastic basins with a water level of 15 cm above 
the sand surface, another eighteen containers were submerged to a depth of 40 cm. Doth 
flooding depths resulted in complete submergence of the plants. A water regime as men-
tioned before was maintained in the control plants (drained controls). The number of leaves 
reaching the water surface was counted during the first 17 days of treatment. Finally, the 
longest petiole of three plants per species was measured after three weeks of treatment. 
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Laboratory experiments 
The acholics were sown in Petri-dishos on moistened filter paper and incubated for 7 days 
in a germination cabinet with a temperature of 25 "C during the light period of 12 hours 
(PPFD: 30 / l E i n - V 1 : light source: Philips TL 8W/33XE3 tubes) and of 10 0 C during the 
dark period. After one week the seedlingb were transplanted singly into small containers 
(height: 50 mm; diameter: 55 mm) filled with a mixture (1:1 v/v) of sand and potting 
compost (Prepacked flower soil Jongkind No. 5). AH containers were placed in another 
growth chamber at 20 0 C , a day/night regime of 16/8 hours and a P P F D of 200 μΕια 2 s " 1 . 
Plants were used after 19 clays of growth under these conditions. At that time, the fourth leaf 
of R. acetosa and R. enspus was emerging; in R. palustris the fifth leaf was already visible. 
All submergence and gas mixture experiments lasted 4 days and were conducted with twelve 
replicates per treatment. No flowering axes developed during the experiments. Plants were 
submerged in full glass containers with a water column of 30 cm. The air-ethylene gas 
mixture experiments were conducted in glass vacuum desiccators. The air-ethylene mixture 
was renewed every 24 hours. Previous experiments learned us that the concentration decline 
in the desiccators was negligible during the first 24 hours. Controls were grown in identical 
desiccators filled with medical air (ethylene concentration: 4 χ 10~4 Pa). This gas was also 
renewed every 24 hours. Experiments with the ethylene action inhibitor AgNOa ¡16,99.50] 
wore performed by submerging plants in glass containers filled with 10 3mol i n - 3 AgNOa 
solution. A preliminary experiment showed that at this concentration no toxic effects could 
be detected on the Rumex plants. The submergence, air-ethylene gas mixtures and AgNOa 
experiments were performed in the before mentioned growth chamber. 
The endogenous ethylene concentration was measured in detached petioles and laminae 
of the Rumex plants. All petioles and leaflets of one plant were cut in two parts and 
subsequently submerged in 0.1 % (ν/ν) Τ woon 20. Hereafter, shoot parts of five to ten 
plants were put in a collection flask in a saturated ( N H ^ S i ^ solution. The exposure of 
plant parts to air between excision and extraction was limited to a maximum of ca. 5-8 
seconds per plant part. The gases in the plant tissue were extracted by the vacuum method 
(2.5 minutes; 10 kPa) described by Beyer and Morgan [17]. After the vacuum extraction a 
gas sample (10 "'m3), taken with a gas tight syringe from the collection flask, was injected 
directly into a Chrompack Packard gas Chromatograph model 438 A with a packed Poropack 
Q column (length: 100 cm), filled at a density of 0.34 g cm ·*, used at 60 C. 
Differences between treatments were assessed ubing the least significant difference (LSD) 
after an analysis of variance. 
RESULTS 
Responses of Rumex species to submergence under field conditions 
Rumex enspus and R. palustris showed increased lenghts of the longest petioles in re­
sponse to submergence (figure 1). After subsidence of the flood water, the elongated petioles 
have a very restricted lifespan. Most of them are damaged by wind or animal grazing within 
three weeks. The length of the longest petiole of R. acetosa decreased in both zones. 
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Responses of Rumex species to submergence under greenhouse conditions 
Within a few hours after submergence, the prostrate nature of the rosettes of R cnspus 
and R. palustris changes into a more vertical orientation, resulting in a reduction of the 
distance between leaftips and water surface. Rumex acetosa hardly changes its laminae and 
petiole orientation However, some laminae of this species folded sharply during submerged 
conditions. 
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Figure 1: The length of the longest petiole 
(± 1 SE: n=108) of three Rumex species 
(RA=Rumex acetosa ; RC=R. cnspus : 
RP=R. palustris ) m a lower and higher 
zone in the river area, expressed as per­
centages of initial lengths. During the 
study period (3 weeks) the lower zone was 
flooded for 4 days. Mean actual initial 
length (cm) of petioles: Rumex acetosa : 
lower zone: 3.9: higher zone. 7.0: R. cns­
pus : lower zone: 2.5: higher zone: 3.5; R. 
palustris : lower zone. 1.6: higher zone: 
2.2. 
Figure 2: The length of the longest petiole 
(± 1 SE; n=3) of three Rumex species af­
ter two flooding levels (duration: 3 weeks) 
m the greenhouse, expressed as percent­
ages of non-flooded controls. Mean actual 
length (cm) of drained controls: Rumex 
acetosa : 13.9; R. cnspus : 7.7; R. palus-
tns : 4.0 
Both R. cnspus and R. palustris petioles showed growth stimulation under submerged 
conditions. In Й. palustris, this increase of growth depends on inundation depth, whereas 
R. cnspus showed an increase of approximately 80 % at both depths (figure 2). 
The functional significance of both the observed growth increase of petioles [86] and 
probably also the vertical orientation of the rosette during submergence is restoring contact 
of leaf tips with the atmosphere . This can be quantified by the number of laminae reaching 
the water surface after flooding (figure 3A/B). All species are able to overcome 15 cm 
inundation, although differences between the species do exist. However, only one species, 
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Figure 3: Mean number of laminae per Rumex plant (±. 
1 SE; n=18) reaching the water surface after submer­
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R. palustris . is able to "accommodate" to both depths. 
After the inundation period, when the water level was lowered, the laminae with elon­
gated petioles showed , even in the greenhouse, a high mortality. Within a few days most 
of them desiccated and collapsed. 
Submergence, exogenous ethylene and AgNOs under laboratory conditions 
The effect of petiole age on the growth responses of Rumex species during submergence 
is presented in figure 4A. All petioles of R palustris showed significantly increcised growth 
during submergence. The greatest length increase, however, was achieved by the youngest 
petiole. In R. crtspus only the youngest petiole significantly increased its growth during 
flooding. The oldest leaf of R. acetosa showed a very slight increased petiole growth, whereas 
the others were not affected by submergence. 
These growth characteristics of petioles during submergence could be partially mimicked 
by placing Rumex plants in gas-tight evacuation chambers filled with a gas mixture of 0.5 Pa 
ethylene in medical air (figure 4B). The growth of petioles of R. acetosa was not significantly 
affected by 0.5 Pa ethylene; whereas it caused less elongation than submergence in R. 
palustris . The exogenously applied ethylene also induced the vertical orientation of the 
rosettes of R. crispus and R. palustris and the folding responses of some laminae of R. 
acetosa. Rumex plants submerged in Milh-Q water (Millipore-Company) with a nontoxic 
concentration of AgNOs (10~3mol m 3 ) showed dramatic changes in growth responses (figure 
4C). The elongation of R. palustris petioles during submerged conditions was for all petioles 
significantly reduced in the AgNOs solution. In R. crtspus growth of the youngest petiole 
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Figure 4'- The length of Rumex petioles (± 
1 SE; n=12) of different ages after sub­
mergence (A), exposure to a ethylene-air 
gas mixture (0.5 Pa)(B) and submergence 
m a AgNOi solution (C)under laboratory 
conditions, expressed as percentages of air 
controls (l=oldest petiole; 4/5=youngest 
petiole; * significantly different from con­
trol level (LSD; P<0.05); (*) signifi­
cantly different from submergence(LSD. 
P<0 05)). Mean actual length (cm) con­
trol petioles: Rumex acetosa : 1=3.1· 
2=5 0; 3=6.1; 4 = 7.6; R. crispus : 1=2.1; 
2=2 2, 3=2.7; 4=2.5: R. palustris : 
1=1.1; 2=1.2; 3=1.2; 4=1.5; 5=2.2. 
Figure 5: The length of the youngest peti­
ole (± 1 SE; n=12) of Rumex acetosa 
(A), Rumex crispus (B) and Rumex palus­
tris (С) during exogenous application of 
different concentrations of ethylene(Pa) 
and submergence under laboratory condi­
tions expressed as percentages of air con­
trols (* significantly different from con­
trol level (LSD; P<0.05)). Mean actual 
length (cm) control petioles: Rumex ace­
tosa : 7.6; R. crispus : 2.5; R. palustris : 
2.2. 
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weis significantly retarded. Finally, application of AgNOs to submerged R. acetosa plants 
significantly stimulated elongation of the youngest petiole. 
The growth responses of the youngest petioles of the three Rumex species to different 
exogenous ethylene concentrations are illustrated in figure 5. In R. enspus and R. palustris 
the response was saturated at 0.5 Pa ethylene. In R. palustris, however, the elongation of 
the youngest petiole under submerged conditions was significantly higher than the saturated 
growth in ethylene-air gas mixtures. Rumex enspus showed no significant difference between 
submergence and the higher exogenous ethylene concentrations. Rumex acetosa showed very 
different responses to exogenous ethylene. High concentrations significantly inhibited an 
increase in length of the youngest petiole. 
Table 1: The endogenous ethylene concentration (Pa)(n=2-3; ± 1 SE) m submerged and 



































































Table 1 showes the ethylene concentrations in the shoot tissue (petioles and laminae). 
After 8 hours of submergence, the endogenous ethylene concentration in all species exceeded 
the concentrations in control plants. The highest concentration measured in all species (after 
12-16 hours) was approximately 0.1 Pa. These experiments were repeated twice; similar 
results were obtained. 
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D I S C U S S I O N 
In the field as well as under greenhouse and laboratory conditions, comparable differences 
between the three Rumcx species were found in response to submergence. In R. palustris 
all petioles, even the older ones, showed an elongation response during submergence of the 
shoot However, growth of older petioles was limited and their elongation stopped before 
they reached the water surface. The youngest petioles and those developing during sub-
mergence were able to overcome relatively deep inundations. In R. palustris submergence 
resulted also in a significant growth increase of the youngest laminae [183]. However, 80 % 
of the difference in leaf (petiole + laminae) length between controls and submerged plants 
is caused by enhanced petiole growth. In R. cmspus only the yotingest petiole showed an 
elongation response. This growth is limited and only a low level flooding can be overcome. 
Rumex acetosa showed no elongation of the youngest petiole. Under greenhouse conditions 
R. acetosa petioles even showed growth inhibition in response to submergence. This inhibi-
tion could not be mimicked by the submergence experiments under laboratory conditions. 
Submergence has no significant influence on laminae growth of both R. enspus and R. 
acetosa [183]. 
The concentration of endogenous ethylene increased in all Rumex species to approxi-
mately 0.1 Pa in response to submergence. However, exogenously applied ethylene at this 
concentration caused only ca. 50 % of the submergence response in R. enspus and R. 
palustris. This difference may be related to the involvement of other gases in the elongation 
response [see 86]. Carbon dioxide concentrations are assumed to rise in submerged shoot 
tissue. Such an increase in the carbon dioxide concentration and its participation in the 
elongation response is not expected in plants grown in desiccators filled with air-ethylene 
mixtures. The close-response curves to exogenous ethylene (figure 5) also indicate that other 
factors are involved in the elongation response. Submergence of R. palustris always results in 
a significantly greater elongation response than exposure to air-ethylene mixtures. Further-
more, the inhibitor of ethylene action, AgNO.i, does not suppress the elongation completely. 
Although the preparation of the plant material and the vacuum extraction technique were 
performed in such a way that ethylene loss from the plant material was minimalized, some 
loss to the atmosphere may have been possible. This could have caused an underestimation 
of the endogenous ethylene concentration; it may explain, at least to some extent, the dif-
ferences in the level of response to endogenous and exogenous ethylene. Submergence under 
greenhouse conditions resulted in growth inhibition of petioles of R. acetosa . High ethylene 
concentrations in gas mixtures also significantly inhibited petiole growth. However, floods 
of 4 days in the laboratory had no significant influence on the growth of the youngest peti-
ole. The present authors suggest that the lack of an inhibition response in the laboratory 
is related to the short duration of the submergence experiments. It is also possible that 
the ethylene production of the control plants was enhanced. This might explain the growth 
stimulation, above the control level, when an inhibitor of ethylene action was applied. 
In summary it can be concluded that R. enspus and R. palustris elongate their youngest 
petioles in response to submergence and ethylene. Growth of the youngest petioles of R. 
acetosa is hardly influenced by submergence, although some data indicated that petiole 
growth is inhibited by submergence and high ethylene concentrations. Differences in growth 
responses between the three Rumex species may be attributed to differences in sensitivity to 
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enhanced ethylene concentrations in the plant tissue and not to differences in endogenous 
ethylene levels (table 1). 
Flooding of amphibious plant species does not lead to a uniform elongation response 
[130]. A restricted number of species have a fast and strong elongation response (e.g. 
Regnellidmm diphyllum [113]; Ranunculus sceleratus [40]). These species arc characterised 
by elongation of all petioles. The greatest length increase, however, is attained by the 
youngest petiole. These species occur in habitats with long-lasting and frequent floods. The 
responses of R. palustris to submergence show a strong resemblance to those of this group 
of plants. Rumex palustris occurs in the lower parts of the river area, which are frequently 
flooded, sometimes for long periods (up to approximately 100 days in the growing season). A 
second group of species shows a relative small and delayed growth response (e.g. Ranunculus 
repens [129]; Caltha palustris [130]). Petioles of species belonging to this group soon lose 
the ability of elongation when they grow older. These species occur in marshes and habitats 
with shallow floods. The responses of R. crispus to submergence suggest that this species 
belongs to this second group of species. Its distribution in the river area is restricted to 
zones with relative short and shallow inundations. 
The three Rumex species show a gradient of elongation responses during submergence, 
which correlates to their respective distribution in the flooding gradient of the river area. A 
species seldomly flooded, showed no elongation of petioles in response to flooding, whereas 
species frequently inundated in their natural habitats can elongate their petioles in response 
to this environmental change. 
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PETIOLE ELONGATION IN R U M E X SPECIES D U R I N G S U B M E R G E N C E 
A N D E T H Y L E N E E X P O S U R E : THE RELATIVE C O N T R I B U T I O N S OF 
CELL DIVISION A N D CELL E X P A N S I O N 
A B S T R A C T 
Submergence of Rumex crispus L. and R. palustris Sm. stimulates elongation 
of the youngest petiole. In R. palustris this response can be mimicked partially 
by exposure to exogenous ethylene. In both species, petiole elongation induced 
by ethylene a n d / o r submergence is distributed nearly equally over the whole 
petiole length and is almost completely attributable to increased cell expansion. 
In R. acetosa L., extension of the youngest petiole is inhibited by submergence 
of the whole plant. The strongest growth inhibition within the youngest petiole 
was observed in the most distal parts and is probably the result of reduced cell 
expansion. 
I N T R O D U C T I O N 
River margins in the Netherlands are frequently flooded in both winter and summer 
months. These inundations are consequences of melting snow and excessive precipitation in 
the upper and middle reaches of Rhine and Moselle. The occurrence and location of a plant 
species in such a floodplain is related to its resistance to flooding regimes. Plant distribution 
related to the pattern of flooding is a common phenomenon in various habitats [93]. The 
genus Rumex'is cosmopolitan and various species are widely distributed in Dutch river areas; 
they are found in nearly permanent flooded parts of the floodplain to very erratic inundated 
regions of this area. Rumex palustris and R. crispus from the lower, more or less frequently 
flooded regions of the river area have developed adaptations to survive aeration stress caused 
by flooding. One of these adaptations is a marked elongation of petioles that is mediated 
by increased ethylene concentrations in the flooded shoot [182]. This enhanced growth can 
restore leaf-atmosphere contact if the flooding is not too deep. The diffusion of oxygen 
through leaves to petioles and roots can relieve aeration problems in the roots [96,97,183]. 
A representative Rumex from infrequently flooded dikes and river levees is R. acetosa. This 
species is poorly adapted to submerged conditions; it does not show enhanced elongation 
of petioles and is therefore unable to accommodate to submergence. This response is not 
related to a lack of ethylene production or accumulation after submergence, but to a different 
sensitivity of cells in the petioles [182]. 
It is known from other plant species that both cell division and cell expansion are involved 
in enhanced growth of petioles during submergence. The relative contribution of cell division 
and cell expansion depends on cell location within a petiole and age of the whole petiole 
[129,131]. 
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This article describes the results of a comparative eco-morphological study on petiole 
growth of three Rumex species under submerged and ethylene-enriched conditions. We 
studied three levels of organisation: organ (whole petiole response), tissue (responses of 
zones within the petiole) and cell (cell division and/or cell expansion). 
MATERIAL A N D M E T H O D S 
Plant material and growth conditions 
Achenes of R. acetosa, R. cnspus and R. palustris were collected in 1986 and 1987 in the 
river area near Nijmegen (The Netherlands). Until use, achenes were stored dry at room 
temperature in the dark. Experiments were performed with mixtures of achenes from several 
plants. Achenes were germinated in petri-dishes with two layers of wetted Schleicher and 
Schiill filter paper for 7 days in a cabinet with a night temperature of 10 0 C (12 hours) and a 
daytime temperature of 25 "С (photosynthetic photon flux density (PPFD): 30 μΕπι" 2 5 ' ) . 
After this period, germinated achenes were placed singly in small containers (height 50 mm; 
diameter 55 mm) filled with a mixture of sand and potting compost (prepacked flower soil 
Jongkind iio.5)(l:l v/v) and grown for 19 days at a constant 20 "С and a P P F D during the 
light period (16 hours) of 200 //Em" 2 s _ I . After this growth period plants were ready for 
experimental handling: by this time R. acetosa and R. cnspus were developing their fourth 
leaf, whereas R. palustris had developed five leaves. 
Growth, cell length and cell number of petioles 
To measure whole petiole extension and the increase in length of zones within a petiole, 
three identical groups of plants per species (n=5-9) were selected. Zones of 3 mm (R. cnspus 
and R. palustris) or 6 mm (R. acetosa) in length were marked with indian ink; an older 
(second oldest petiole) and a younger petiole (fourth or fifth oldest) were used. The initial 
length of a zone depended on the species-specific morphology. The plants were submerged 
in glass containers (volume: 18 L) filled with water (depth: 30 cm) or exposed to a static 
air-ethylene mixture (0.5 Pa ethylene; renewed every 24 hours) in vacuum desiccators or 
used as controls. The experiments were conducted in a growth chamber with a temperature 
of 20 °C and a PPFD during the light period (16 hours) of 200 ^Em" 2 s 4 Finally, after 
7 days of treatment the lengths of the petiole zones were measured again. A small, newly 
developed zone below the most proximal mark was not measured. In each petiole zone of 
two plants per species a small segment (1.5-2.0 mm) was excised with a razor blade and used 
for cell length measurements and estimations of the cell number. Previous studies indicated 
that these segments were representative samples for the whole petiole zone. After excision, 
the segments were fixed in 2 % glutaraldehyde in 0.1 M phosphate buffer at pH 6.8 for two 
hours at room temperature, vacuum extracted during 15 minutes with a vacuum pump, 
dehydrated in an ethanol series and embedded in Spurr's resin [161]. Longitudinal sections, 
2 /an thick, were cut in the cortical tissue with a Sorvall ultra microtome MT 5000 and 
stained with toluidine-blue. The lengths of all cortical cells in such sections were measured. 
The arithmetic mean and the zone length were used to estimate the cell number in one 
row of cells in a petiole zone. Previous experiments showed that, especially the younger 
petioles, were capable of cell division under control conditions. Means of the two plants 
were calculated to enable direct comparisons with the zone elongations. Comparisons of 
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Figure 1: Length (n=5-9;+ 1 SE) of an old 
and the youngest petiole of Rumex acetosa, 
R. cnspus and R. palustris m response to 
7-day exposure to three treatments [control 
(C7): 0.5 Pa ethylene (E); submergence (S)]. 
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these means were performed with Bonferroni-t-tests, after analyses of variance. Statistical 
analyses were conducted with a SAS statistical package [144]. 
RESULTS 
The whole petiole response of the three species to the various treatments is presented in 
figure 1. In all species the greatest response to both ethylene and submergence was observed 
in the youngest petiole. In R. acetosa, submergence inhibited the growth of the youngest 
petiole significantly. Both other Rumex species showed an enhanced growth in response 
to submergence of the old and the young petioles. Exposure to 0.5 Pa ethylene partially 
mimicked this growth stimulation in R. palustris. 
Greatest length increase under control conditions in R. acetosa was observed in the 
most distal petiole zones (figure 2A). Growth inhibition under submerged conditions occurs 
especially in these distal zones in the youngest petiole. No significant differences between 
the treatments were observed in cell length and cell number of R. acetosa petioles (figure 
2B/C). However, a trend towards inhibited cell expansion was observed in the youngest 
petiole of this species. 
In R. cnspus, petiole elongation in response to submergence was distributed nearly 
equally over the whole length of the old and young petiole (figure ЗА). More than 85 % of 
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Figure 2: (A) Length of petiole zones 
(n=5-7;+ 1 SE)(mitial length 6 mm), (B) 
length of cortical cells (n=2;+ 1 SE) and 
(C) an index of the number of cortical 
cells m one row of a certain petiole-zone 
(n=2;+ 1 SE) of Rumex acetosa in re­
sponse to 7-day exposure to three treat­
ments (control, 0.5 Pa ethylene, submer­
gence). Petiole zones are indicated by let­
ters b-f/h (b, the most proximal zone; f/h, 
the most distal). Treatment means sig­
nificantly different from controls are in­
dicated by an asterisk (Bonferrom-t-test; 
P<0.05). 
Figure 3: (A) Length of petiole zones 
(n=5-9;+ 1 SE)(initial length 3 mm), (B) 
length of cortical cells (n=2;-l· 1 SE) and 
(C) an index of the number of cortical 
cells m one row of a certain pettole-zone 
(n=2;+ 1 SE) of Rumex cnspus m re­
sponse to 7-day exposure to three treat­
ments (control, 0.5 Pa ethylene, submer­
gence). Petiole zones are indicated by let­
ters b-d/h (b, the most proximal zone; 
d/h, the most distal). Treatment means 
significantly different from controls are in­
dicated by an asterisk (Bonferrom-t-test; 
P<0.05). 
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Figure 4- (A) Length of petiole zones (n= 9 
;+ 1 SE) (initial length 3 mm), (B) length of 
cortical cells (n=2;+ 1 SE) and (C) an index 
of f he number of cortical cells m one row of a 
certain petiole-zone (n=2;+ 1 SE) of Rumex 
palustris m response to 7-day exposure to 
three treatments (control. 0.5 Pa ethylene, 
submergence). Petiole zones are indicated by 
letters b-c/e (b, the most proximal zone; c/e, 
the most distal). Treatment means signifi­
cantly different from controls are indicated by 
an asterisk (Bonferrom-t-test; P<0.05). 
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Table 1: The mean cell surface areas (μη,2 ± 1 SE) measured on cross-sections of two 
old and two young petioles of Rumex acetosa after treatment (controls, exposed to 0.5 Pa 
ethylene or submerged) 
Old petiole 
^Control 344470±~257б~ 
Ethylene 2923.6І 283.0 
Submerged 2829.4±246.6 
Young petiole 




the elongation of the three zones in the youngest petiole of R. crispas can be explained by 
cell expansion (figure 3B/C). A significant increase in cell length was observed in the c-zone 
in response to ethylene. 
Petiole elongation in R. palustris was not limited to only one part of the youngest petiole; 
all zones responded nearly similarly to ethylene and to submergence (figure 4A). In the 
youngest petiole, stimulated growth in response to both treatments must be attributed to 
a significant increase in cell lengths (figure 4B); more than 90 % of the elongation of both 
zones can be explained by cell expansion. The estimated number of cells did not significantly 
change in response to ethylene and submergence treatments (figure 4C). 
D I S C U S S I O N 
The distribution of Rumcx species in the river area may reflect adaptations developed 
within a plant species to flooding-related environmental factors. The observed differences 
in the responses of petioles of R. acetosa, R. cnspus and R. palustris to submergence must 
therefore be interpreted in this context. Ethylene plays a role in the reactions of Rumex 
petioles to submergence. This conclusion is based on the different sensitivity between the 
species towards this plant hormone as observed in the underlying experiments, and on 
previous experiments [182]. However, a discrepancy between submergence and ethylene 
responses in R. cnspus and to a lesser extent R. palustris is evident. Therefore, it is unlikely 
that ethylene alone regulates petiole elongation in these species. Other factors, such as the 
increased carbon dioxide concentration in the shoot ¡86.130] and the influence of buoyant 
tension [113.131], can perhaps also contribute to the petiole elongation in Rumex. 
The inhibited petiole elongation and the reduced cell expansion of R. acetosa resemble 
the classical responses of many plants towards ethylene [33,118]. This response is mostly 
accompanied by an enhanced lateral expansion, resulting in short, "swollen" cells [128]. To 
study this phenomenon in R. acetosa, we measured cell surfaces in cross-sections of petioles 
exposed to ethylene, submerged in water and grown under control conditions. No significant 
treatment effects (Bonferroni-t-tests) were observed in the lateral expansion of cells of old 
and young petioles (table 1). 
Both R. cnspus and R. palustris elongated mainly their youngest petiole in response to 
ethylene and/or submergence. This increased length can to a great extent be attributed 
to increased cell expansion. The influence of promoted cell division can be neglected in 
old and young petioles developed before the initation of the treatments. Further study is 
necessary to elucidate the relative contribution of cell division and cell expansion in petioles 
which developed entirely during submergence or ethylene treatments. Our results corre-
spond well with the observation that ethylene-mediated petiole elongation in Hydrochans 
morsus-ranae, Ranunculus sceleratus and Regnelhdium diphyllum is caused exclusively by 
cell expansion [40,113]. In other plant species, such as Ranunculus repens and Nymphoides 
pettata, with comparable petiole responses to both ethylene and submergence a much greater 
contribution of cell division to the elongation response was demonstrated. In N. pettata this 
especially held for the youngest petioles, whereas in R. repens both older and younger peti-
oles predominantly increased their lengths by means of promoted cell division [129,130,131]. 
In both N. pettata and R. repens petiole elongation was completed at the end of the exper-
iments (personal communication I. Ridge). In R. cnspus and R. palustris extension of the 
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youngest petiole had not ceased by the end of the 7-day period. Therefore, stimulation of 
cell division later in the growth of the youngest petiole cannot be ruled out. Deep water rice 
elongates its internodes in response to ethylene and flooding [105.125]. This is related to an 
activation of cell division and longitudinal expansion of the intercalary meristem [106]. 
It can be concluded that the response of the petioles of R. enspus and R. palustris fit best 
into a model formulated by Ridge [129], which assumes that ethylene solely promotes cell 
elongation envisaging that more cells respond to the gas from younger than older petioles 
and that cells become increasingly less sensitive to ethylene during the later stages of petiole 
growth. 
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C O N C L U S I O N S 
Main results 
In this study the differential locations of Rumex acetosa, R. enspus and R. palustris 
were investigated in relation to flooding gradients in Dutch river areas. These gradients 
are characterized by floodings that occur erratically and which vary in both depth and 
duration; the secondary effects of these floodings are variations in sucli ecological factors as 
plant competition and gap-formation. Ecological and ecophysiological experiments in the 
field, greenhouse and laboratory on plants in the regenerative and established phase of their 
life cycle were carried out to determine adaptations that might explain the zonation of the 
aforementioned species in the field. The Rumex species in this study may represent groups 
of plants growing in flooding gradients. The increased understanding of the adaptations 
and mechanisms of Rumex plants may prove to be valuable in explaining the behaviour of 
co-occurring species. The most important results and main conclusions are as follows: 
1. Early achene release from the mother plant, easy separation of perianth and achene 
and, therefore, the lack of a perianth-imposed innate dormancy facilitate autumn 
germination in R. acetosa. Achencs of R. enspus and R. palustris germinate predomi­
nantly in the spring and summer; autumn germination is mostly prevented by delayed 
achene release from the mother plant, perianth-imposed innate dormancy and the low 
temperatures during late autumn. 
2. Rumex enspus and R. palustris possess a large persistent seed bank, whereas R. acetosa 
is characterized by a transient seed bank. 
3. In R. acetosa there is no seedling emergence in the immediate period following the 
subsidence of summer floods, whereas additional seedling emergence does occur after 
such an event in both of the other species. 
4. The inhibited germination of achenes of R. enspus and R. palustns, which are enclosed 
by perianths, may be related to light-filtering properties of the perianth and/or an 
inhibited uptake of water as a result of a water repulsive layer covering the perianths. 
5. Rumex acetosa germinates at a fairly constant rate over a wide range of temperatures, 
whereas R. palustns and to a lesser extent R. enspus are characterized by a rapid 
and maximum germination whenever the upper limits of temperature alternations are 
high. 
6. In R. acetosa germination is high under both light and dark conditions, independent 
of the amplitude of diurnally fluctuating temperatures. In R. enspus germination 
under light conditions is high, independent of temperature alternations; germination 
in the dark, however, is stimulated by increasing amplitudes of diurnally fluctuating 
temperatures. Rumex palustns needs both light and alternating temperatures for 
germination. 
7. High dark germination percentages in R. acetosa are probably related to high levels 
of the active form of phytochrome ( P F K ) or to "trapped" intermediates of the trans­
formation of Р я to Р/ря, which are converted to Ppn during imbibition. Alternating 
temperatures (simulated by short 35 "С pulses) probably promote germination in R. 
enspus by decreasing the threshold of Р^д necessary to stimulate germination. Cold 
stratification or alternating temperatures probably sensitize achenes of R. palustns to 
PFR, which leads to germination whenever light is present. 
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8. Rumex achenes do not germinate in the complete absence of oxygen. Both R. cnspiis 
and R. palustns , however, germinate under relatively low oxygen concent ral ions; in R. 
acetosa relatively high oxygen concentrations are necessary to stimulate germination. 
9. The hypoxic incubation of imbibed achenes of R. acetosa at 20 0C leads to an increased 
achene mortality of up to 100 % after 2G weeks. All the achenes of both R. enspus 
and R. palustns are still viable after such a treatment. 
10. Summer and winter floods prevent the establishment of R. acetosa in the natural 
habitats of both other species. The mortality of R. enspus and R. palustns seedlings 
in the acetosa zone is higher than that of R. acetosa. In contrast to R. acetosa some 
seedlings of both R. enspus and R. palustns survive in the frequently flooded crispus-
and palustris-zones. 
11. Small seedlings (two-cotyledon stage) of all three Rumex species have a higher resis-
tance towards submergence than larger ones (two-leaf stage). Seedlings (both stages) 
of R. acetosa appear to be the least resistant to complete submergence. 
12. Seedlings of all of the Rumex species studied are characterized by a low, but signifi-
cant, photosynthetic activity under water. However, only R. enspus and R. palustns 
release oxygen from their roots; R. acetosa probably lacks an adequate aerenchymatic 
connection between the leaves and roots and is therefore unable to support oxygen 
diffusion. 
13. Excised root tips of R. acetosa seedlings survive a hypoxic period of 10 hours, whereas 
both other species survive for as long as 16 hours. This differentiation in survival is 
positively correlated with the rate of alcoholic fermentation. 
14. Adult rosettes of R. enspus and R. palustns are more resistant towards flooding (wa-
terlogging, partial submergence and complete submergence) than those of R. acetosa. 
15. Under experimental conditions the three Rumex species can be ranked in the following 
competitive hierarchy: R. enspus > R. acetosa = R. palustns. In a regrowth period 
after 2 J weeks of submergence this ranking changes to R. enspus > R. palustns > R. 
acHosa. 
16. Rumex acetosa is more resistant to herbivory by slugs, snails and dock beetles than 
both other species. 
17. The root system of R. palustns under well-drained soil conditions is characterized by 
a relatively superficial rooting pattern when it is compared to the other tap-rooted 
species, R. enspus. 
18. Rumex enspus and R. palustns develop new flooding-resistant roots in the upper soil 
layers in response to soil waterlogging, whereas R. acetosa shows hardly any similar 
response under identical conditions. The growth of Rumex species under waterlogged 
conditions, expressed as relative growth rate, is positively correlated with the devel-
opment of new flood-resistant roots. 
19. A 2-fold increase in ethylene production by R. acetosa in response to soil waterlogging 
regulates a slight enhancement in the growth of petioles, which develop entirely under 
conditions of soil inundation. A 20-fold increase in ethylene production in both R. 
enspus and R. palustns regulates a strong petiole elongation of existing and newly 
formed petioles. 
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20. Complete submergence stimulates the growth of petioles of R. palustris and R. cnspus 
under field, greenhouse and laboratory conditions. Petiole growth of R. acetosa is not 
enhanced or even inhibited during total submergence. 
21. Differences in the growth of petioles of the three Rumex species are attributed to 
differences in sensitivity to enhanced ethylene concentrations in the plant tissue and 
not to differences in endogenous ethylene levels. 
22. Petiole elongation in response to submergence in R. cnspus and R. palustris is almost 
completely attributable to increased cell expansion, whereas reduced cell expansion 
accounts for growth inhibition of petioles in R. acetosa. 
23. Rumex cnspus and R. palustris can only survive prolonged floods when one or more of 
their leaf tips protrude above the surface of the water; this is functionally related to an 
increase in photosynthetic area and a maximal diffusion of air to the oxygen-deficient 
roots if a large part of the shoot protrudes above the raised water level. 
A synthesis 
Throughout this thesis we have stressed the importance of the life cycle approach, an 
approach in which all phases of the life cycle are considered since each phase may respond 
differently to the same environmental factors [22,67]. Characteristics of various phases and 
processes in the life cycle of plants can be synthesized to plant strategies [67]. A synthesis of 
life cycle adaptations, as found in the three Rumex species from the river flood plains, will 
be discussed relative to their occurrence and non-occurrence in specific areas of the flooding 
gradients m Dutch river areas. 
Rumex acetosa occurs in the river area primarily on elevated, seldomly flooded dikes 
and river levees. In the present study the habitat is a river levee with a hay and aftermath 
management. This part of the river flooding gradient is covered relatively densely with 
various grassland species; gaps are formed only occasionally (chapter 5). In this habitat 
competition and herbivory are probably the main factors influencing plant growth. 
Achenes of R. acetosa lack innate dormancy and are released early from the mother plant 
(July/August). The high germination rate of R. acetosa under dark conditions, during low 
R/FR ratios and over a wide range of temperatures indicates a wide germination amplitude. 
These germination characteristics lead to germination predominantly during the autumn and 
the lack of a large buried seed bank. 
Rosettes of R. acetosa are characterized by a relatively low resistance towards competi-
tive interference (chapter 5). This forces R. acetosa to establish mainly in gaps and results 
in long-term survival in meadows with a not-too-high level of competitive interference. Au-
tumn germination and establishment are in close harmony with the occasional formation 
of gaps in the acetosa-zone during autumn from cattle trampling (chapter 5). Rumex ace-
tosa is very resistant to invertebrate herbivory. The leaves of this species are only slightly 
damaged by slugs and snails. Herbivory resistance may interact with the low resistance 
towards competition, resulting in the establishment and growth of R. acetosa in moderately 
competitive habitats. 
Both winter and summer floods are frequent but irregular events in the natural habitat 
of R. cnspus in the river area (chapter 7). Rumex cnspus was studied on a grazed bank 
of a former river bed. In this area flooding may cause gap-formation by means of erosion 
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and destruction of the established vegetation (chapter 5). In addition to flooding, other 
environmental factors such as competition and herbivory may interfere with plant growth. 
A chênes of R. cnspus arc characterized by a relatively late release from the mother 
plant (October) and an innate dormancy caused by the perianth, which tightly encloses 
the achene. The inhibited germination of R. cnspus in the dark at constant temperatures, 
under low R / F R ratios and constant temperatures, during low temperatures and under 
anoxic conditions indicates a small germination amplitude; these achenes require specific 
conditions for germination. Such achene characteristics result in a delayed germination 
until the following spring and the formation of a persistent seed bank. 
Germination in the spring can be induced by an increase in temperature, by an increase 
in diurnal temperature fluctuations or by light (flooding induced gap-formation). Only a 
very small increase in the soil oxygen concentration is necessary to induce germination in 
R. cnspus (chapter 3); germination can subsequently occur very shortly after subsidence of 
the flood (chapter 2). 
The flooding of seedlings of R. cnspus during the establishment phase of the life cycle 
mostly results in complete submergence. Rumex cnspus seedlings are relatively resistant 
towards these conditions due to relatively high levels of alcoholic fermentation in the roots 
and transport of photosynthetic oxygen (produced under water) to the oxygen-deficient roots 
(chapter 4). Water turbidity, however, may interfere with photosynthesis in submerged plant 
parts. 
During a flooding period adult rosettes of R. crispus may be exposed to soil waterlogging, 
partial submergence or complete submergence. The elongation of petioles, mediated by the 
gaseous plant hormone ethylene (chapter 5, 8, 9, 10) and the formation of new superficially 
growing roots with aerenchyma (chapter 5 and 7) lead to better root aeration and guarantee 
long-term survival if the shoot can extend beyond the surface of the water. 
The site selected for studying R. palustris, a mud flat in a former river bed, is character-
ized by frequent, deep and prolonged floods (chapter 7). Long-lasting catastrophical floods 
often destroy all of the established plants in this part of the river area. Flooding and the 
lack of competition (chapter 5) are important factors that influence plant growth in this 
habitat. 
As the achene ecology of R. palustns is very similar to that of R. cnspus, only deviations 
from R. cnspus behaviour will be discussed. Achenes of R. palustns require, even more than 
those of R. cnspus, a specific set of conditions to induce germination. This is related to 
an obligatory need for light in combination with alternating temperatures (chapter 3). In 
R. palustns this leads to delayed germination until the following spring/summer and to the 
formation of a large buried seed bank having a very persistent character (chapter 2). After 
a cold stratification achenes of R. palustns still possess an obligatory need for light. 
The flooding resistance of seedlings and adult rosettes of R. palustns is nearly equal to 
that of R. cnspus (chapter 5,7,8). It is worth mentioning, however, that R. palustns showed 
a greater petiole elongation in response to submergence than R. cnspus (chapter 9). Another 
difference is the root development and architecture of both species under drained conditions 
(chapter 6): R. palustns is characterized by a relatively superficial rooting pattern. 
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Long-lasting aeration stress caused by the extremely prolonged floods in the habitat of 
R. palustris may result in the mortality of all established plants. Population survival is 
guaranteed by a persistent seed bank: achenes are resistant towards anaerobic soil condi-
tions. 
Up to this point an attempt has been made to explain the occurrence of the three Rumex 
species in their natural habitats in the river area by means of species-specific resistance to 
flooding and other relevant environmental factors. This information, however, can also be 
used to elucidate the non-occurrence of certain species in particular parts of the flooding 
gradient. 
The successful establishment of R. acetosa in either of the other two habitats is very 
limited due to the timing of its germination and the lack of a persistent seed bank. The 
vulnerability towards submergence shown by R. acetosa as achene, seedling and adult rosette 
explains its complete mortality in frequently flooded habitats. 
As a rule the germination and establishment of R. cnspus in the spring in the acetosa-
zone is prevented by the closed canopy during this time of the year. It is suggested that 
the absence of R. cnspus in the palustris-habitat is related to a high mortality between 
germination and flowering that basically prevents the formation of a large buried seed bank 
in this habitat. 
While the germination and establishment of R. palustris in the spring and summer in 
either of the other two habitats is mostly prevented by the lack of gaps at these times, its 
establishment in the habitat of R. cnspus is possible in the gaps created by the summer 
floods. However, long-term survival is impossible due to the very restricted competitive 
ability of R. palustris. 
It can be concluded that flooding both directly and indirectly (gap-formation, compe-
tition) determines the location of R. acetosa, R. cnspus and R. palustris in ecosystems 
governed by fluctuating water levels. Therefore, flooding may be interpreted to be the most 
important factor in processes that act upon Rumex zonations in flood plains. 
The comparison of adaptations and mechanisms of Rumex plants in flooding gradients 
with the responses of co-occurring plant species is a prerequisite for theory building. How-
ever, more study, especially on the co-occurring species, is required before general theories 
on plant strategies in flooding gradients can be formulated. 
In this thesis the comparative ecophysiological approach appeared to be very suitable 
to elucidate adaptations and mechanisms in various life-cycle stages and to explain the 
distribution of Rumex species in flooding gradients. 
139 

R E F E R E N C E S 
1. Adams D O and Yang SF (1979) Ethylene biosynthesis: identification of 1-amino-
cyclopropane-1-carboxylic acid as an intermediate in the conversion of methionine to 
ethylene. Proceedings of the National Academy of Sciences USA 76: 170-174. 
2. Alpi A and Beevers H (1983) Effects of O2 concentration on Rice seedlings. Plant 
Physiology 71: 30-34. 
3. Antonovics J and Primack R B (1982) Experimental ecological genetics in Plan-
tago. VI. The demography of seedling transplants of P. lanceolata. Journal of Ecology 
70: 55-75. 
4. Armstrong W (1975) Waterlogged soils. In: Etherington JR (ed) Environment and 
Plant Ecology. Academic Press, New York, pp 181-218. 
5. Armstrong W (1979) Aeration in higher plants. In: Woolhouse HW (ed) Advances 
in Botanical Research. Academic Press, London, pp 225-332. 
6. Asher CJ and Ozanne P G (1966) Root growth in seedlings of annual pasture 
species. Plant and Soil 3: 423-436. 
7. Assche JA van and Vanlerberghe К A (1989) The role of temperature on the 
dormancy cycle of seeds of Rumex obtusifohus L. Functional Ecology 3: 107-115. 
8. Bannister Ρ (1964) The water relations of certain heath plants with reference to 
their ecological amplitude. Journal of Ecology 52: 423-432. 
9. Baskin J M and Baskin C C (1985) Does seed dormancy play a role in the germi­
nation ecology of Rumex ens-pus ? Weed Science 33. 340-343. 
10. Baskin C C and Baskin J M (1988) Germination ecophysiology of herbaceous plant 
species in a temperate region. American Journal of Botany 75: 286-305. 
11. Bentley S and Whittaker J B (1979) Effects of grazing by a chrysomelid beetle, 
Gastrophysa vindula, on competition between Rumex obtusifohus and Rumex crtspus. 
Journal of Ecology 67: 79-90. 
12. Bernt E and Gutman I (1963) Ethanol. Determination with alcohol dehydrogenase 
and NAD. In: Bergmeyer HU (ed) Methods of Enzymatic Analysis. Academic Press, 
London, pp 1499-1505. 
13. Bertani A, Brambilla I and Menegus F (1980) Effect of anaerobiosis on rice 
seedlings: growth, metabolic rate, and fate of fermentation products. Journal of 
Experimental Botany 31: 325-331. 
14. Bertani A, Brambilla I and Menegus F (1981) Effect of anaerobiosis on carbo­
hydrate content in rice roots. Biochemie Physiologie Pflanzen 176: 835-840. 
15. Bewley J D and Black M (1982) Physiology and biochemistry of seeds in relation 
to germination. II. Viability, Dormancy and Environmental control. Springer-Verlag, 
Berlin. 
16. Beyer EM (1976) A potent inhibitor of ethylene action in plants. Plant Physiology 
58: 268-271. 
17. Beyer EM and Morgan P W (1970) A method for determining the concentration 
of ethylene in the gas phase of vegetative plant tissues. Plant Physiology 46: 352-354. 
141 
18. Blom C W P M (1977) Trampling and seedling establishment. Oecologia Plantarum 
12: 363-381. 
19. Blom C W P M (1978) Germination, seedling emergence and establishment of some 
Plantago species under laboratory and field conditions. Acta Botanica Neerlandica 
27: 257-271. 
20. Blom C W P M (1979) Effects of trampling and soil compaction of some Plantago 
species in coastal sand dunes. PhD-thesis, Catholic University Nijmegen. 
21. Blom C W P M (1985) Waarnemen en verklaren, een beschouwing over plantenoe-
cologie. Inaugural address, Brakkenstein, Nijmegen. 
22. Blom C W P M (1988) The realism of models in plant demography. Acta Botanica 
Neerlandica 37: 421-438. 
23. Blom C W P M (1990) Responses to flooding in weeds from river areas. In: Kawano 
S (ed) Biological Approaches and Evolutionary Trends in Plants (in press). 
24. B lom C W P M , Bögemann GM, Laan Ρ, Sman A J M van der, Steeg H M van 
de and Voesenek LAC J (1990) Adaptations in plants from river areas to flooding. 
Aquatic Botany (submitted). 
25. B ö h m W (1976) In situ estimation of root length at natural soil profiles. Journal of 
Agricultural Sciences 87: 365-368. 
26. Bosch AL (1984) A new root observation method: The perforated soil system. 
Oecologia Plantarum 5: 61-74 
27. Bowes G (1987) Aquatic plant photosynthesis: Strategies that enhance carbon gain. 
In: Crawford RMM (ed) Plant Life in Aquatic and Amphibious Habitats. Blackwell 
Scientific Publications, Oxford, pp 79-98. 
28. Bradford KJ and Yang SF (1980) Xylem transport of 1-aminocyclopropane-l-car-
boxylic acid, an ethylene precursor, in waterlogged tomato plants. Plant Physiology 
65: 322-326. 
29. Bradford KJ and Yang SF (1980) Stress-induced ethylene production in the 
ethylene-requiring tomato mutant diageotropica. Plant Physiology 65: 327-330. 
30. Bradford К J and Yang SF (1981) Physiological responses of plants to waterlog­
ging. HortScience, 16: 3-8. 
31. Bradshaw A D (1987) Comparison-Its scope and limits. New Phytologist. 106: 3-21. 
32. Brock T h C M , Velde G van der and Steeg H M van de (1987) The effects of 
extreme water level fluctuations on the wetland vegetation of a nymphaeid-dominated 
oxbow lake in The Netherlands. Archiv für Hydrobiologie, Beiheft Ergebnisse der 
Limnologie 27: 57-73. 
33. Burg SP (1973) Ethylene in plant growth. Proceedings of the National Academy of 
Sciences USA 70: 591-597. 
34. Cavers P B and Harper JL (1966) Germination polymorphism in Rumex crispus 
and Rumex obtustfohus Journal of Ecology 54: 367-382. 
35. Clarke LD and Hannon NJ (1971) The mangrove swamp and salt marsh commu-
nities of the Sydney district III. Plant growth in relation to salinity and waterlogging. 
Journal of Ecology 58: 351-369. 
142 
36. Clements FE and Goldsmith G W (1924) The phytometer method in ecology: 
The plant and community as instruments. Carnegie Institution, Washington. 
37. Clements FE and Weaver JE (1918) The phytometer method. Carnegie Institu­
tion, Washington Year Book 17: 288. 
38. Connolly J (1986) On difficulties with replacement series methodology in mixture 
experiments. Journal of Applied Ecology 23: 125-137. 
39. Cook CDK (1987) Dispersion in aquatic and amphibious vascular plants. In: Craw­
ford RMM (ed) Plant life in Aquatic and Amphibious Habitats. Blackwell Scientific 
Publications, Oxford, pp 179-190. 
40. Cookson С and Osborne DJ (1978) The stimulation of cell extension by ethylene 
and auxin in aquatic plants. Planta 144: 39-47. 
41. Cooper A (1982) The effects of salinity and waterlogging on the growth And cation 
uptake of salt marsh plants. New Phytologist 90: 263-275. 
42. Cottam DA (1984) Invertebrate grazing and plant competition. PhD-thesis, Uni­
versity of Lancaster, U.K. 
43. Cottam DA, Whittaker JB and Malloch AJC (1986) The effects of chrysomelid 
beetle grazing and plant competition on the growth of Rumcx obtusijolms. Oecologia 
70: 452-456. 
44. Crawford R M M (1989) Studies in Plant Survival: Ecological case histories of plant 
adaptation to adversity. Blackwell Scientific Publications, Oxford. 
45. Crawford R M M , Studer С and Studer К (1989) Deprivation indifference as a 
survival strategy in competition: Advantages and disadvantages of anoxia tolerance 
in wetland vegetation. Flora 182: 189-201. 
46. Davies D D , Kenworthy P, Mocquot В and Roberts К (1987) The effect 
of anoxia on the ultrastructure of pea roots. In: Crawford RMM (ed) Plant Life 
in Aquatic and Amphibious Habitats. Blackwell Scientific Publications, Oxford, pp 
265-277. 
47. Delieu Τ and Walker D A (1972) An improved cathode for the measurement of 
photosynthetic oxygen evolution by isolated chloroplasts. New Phytologist 71: 201-
225. 
48. Drew M C (1983) Plant injury and adaptation to oxygen deficiency in the root 
environment: A review. Plant and Soil 75: 179-199. 
49. Drew M C (1987) Mechanisms of acclimation to flooding and oxygen shortage in 
non-wetland species. In: Crawford RMM (ed) Plant Life in Aquatic and Amphibious 
Habitats. Blackwell Scientific Publications, Oxford, pp 321-331. 
50. Drew M C , Jackson M B , Giffard SC and Campbell R (1981) Inhibition by 
silver ions of gas space (aeronchyma) formation in adventitious roots of Zea mays 
subjected to exogenous ethylene or to oxygen deficiency. Planta 153: 217-224. 
51. Drew EA and Robertson WAA (1974) A simple field version of the Winkler 
determination of dissolved oxygen. New Phytologist 73: 793-796. 
52. Drew M C and Sisworo EJ (1979) The development of waterlogging damage in 
young barley plants in relation to plant nutrient status and changes in soil properties. 
New Phytologist 82: 301-314. 
143 
53. Driessche van den Th, Kevers С, Collet M and Gaspar Th. (1988) Aceiabu-
larm mediterranea and ethylene: Production in relation with development, circadian 
rhythms in emission, and response to external application. Journal of Plant Physiology 
133: 635-639. 
54. Etherington J R (1983) Wetland Ecology. Studies in Biology no.154. Edward 
Arnold, London. 
55. Evans P S (1970) Root growth of Lohum perenne L. I. Effect of plant age, seed 
weight, and nutrient concentration on root weight, length and number of apices. New 
Zealand Journal of Botany 8: 344-356. 
56. Fagerstedt KV and Crawford R M M (1986) Changing kinetic properties of barley 
alcohol dehydrogenase during hypoxic conditions. Journal of Experimental Botany 37: 
857-864. 
57. Fagerstedt KV and Crawford R M M (1987) Is anoxia tolerance related to flooding 
tolerance ? Functional Ecology 1: 49-55. 
58. Fenner M (1987) Seedlings. New Phytologist 106: 35-47. 
59. Firbank LG and A R Watkinson (1985). On the analysis of competition within 
two-species mixtures of plants. Journal of Applied Ecology 22: 503-517. 
60. Fisher RA (1921) Some remarks on the methods formulated in a recent article on 
"The qualitative analysis of plant growth". Annals of Applied Biology 7: 367-372. 
61. Fowler N ( 1982) Competition and coexistence in a North Carolina grassland. Journal 
of Ecology 70: 77-92. 
62. Frankland В and Taylorson R (1983) Light control of seed germination. In: 
Shropshire H and Mohr H (eds) Encyclopedia of Plant Physiology New Series Volume 
16 A Photomorphogenesis. Springer-Verlag, Berlin, pp 428-456. 
63. Gambi OV (1966) Influence of light and temperature on the germination of some 
Rumex seeds. Webbia 21: 461-473. 
64. Gardner W R (1964) Relation of root distribution to water uptake and availibility. 
Agronomical Journal 56: 41-45. 
65. Gaynard TJ and Armstrong W (1987) Some aspects of internal aeration in 
amphibious habitats. In: Crawford RMM (ed) Plant life in Aquatic and Amphibious 
Habitats. Blackwell Scientific Publications, Oxford, pp 303-320. 
66. Goldberg D E and Fleetwood L (1987) Competitive effect and response in four 
annual plants. Journal of Ecology 75: 1131-1143. 
67. Grime J P (1979) Plant strategies and vegetation processes. John Wiley and Sons, 
New York. 
68. Grime JP, Hodgson JG and Hunt R (1988) Comparative Plant Ecology. Unwin 
Hyman, London. 
69. Grime J P and Jarvis В С (1975) Shade avoidance and shade tolerance in flowering 
plants II. Effects of light on the germination of species of contrasted ecology. In: 
Evans G С et al (eds) Light as an ecological factor II. Blackwell Scientific Publications, 
Oxford, pp 525-532. 
144 
70. Grime J P , Mason G, Curtis AV, Rodman J, Band SR, Mowforth MAG, 
Neal A M and Shaw S (1981) A comparative study of germination caracteristics 
in a local flora. Journal of Ecology 69: 1017-1059. 
71. Hand DJ, Craig G, Takaki M and Kendrick RE (1982) Interaction of light and 
temperature on seed germination of Rvmex obtustfolius L. Planta 156: 457-460. 
72. Harberd N P and Edwards KJR (1982) The effect of a mutation causing alcohol 
dehydrogenase deficiency on flooding tolerance in barley. New Phytologist 90: 631-
644. 
73. Harper JL (1977) Population biology of Plants. Academic Press, London. 
74. Harper JL and Chancellor A P (1959) The comparative biology of closely re­
lated species living in the same area. IV. Rumex: Interference between individuals in 
populations of one and two species. Journal of Ecology 47: 679-695. 
75. Harper JL and White J (1974) The demography of plants. Annual Review of 
Systematics 5: 419-463. 
76. Harren F J M , Bijnen FGC, Reuss J, Voesenek LACJ and Blom C W P M 
(1989) Intracavity photoacoustic measurements with a CCK waveguide laser; detection 
of C2H4 as trace gas at the ppt level. Applied Physics В (in press). 
77. Head GC (1966) Estimating seasonal changes in the quantity of white unsuberized 
roots on fruit trees. Journal of Horticultural Sciences 41: 197-206. 
78. Heichel G H and Day P R (1972) Dark germination and seedling growth in mono-
cots and dicots of different photosynthetic efficiencies in 2% and 20.9% O2. Plant 
Physiology 49: 280-283. 
79. Holmes M G and Klein W H (1987) The light and temperature environments. 
In: Crawford RMM (ed) Plant Life in Aquatic and Amphibious Habitats. Blackwell 
Scientific Publications. Oxford, pp 3-22. 
80. Huiskes AHL, Stienstra AW, Koutstaal BP, Markusse M M and Soelen van 
J (1985) Germination ecology of Sahcorma dohchostachya and Sahcomia brachys-
tachya. Acta Botanica Neerlandica 34: 369-380. 
81. Hume L and Cavers P B (1982) Geographic variation in widespread perennial 
weed, Rumex crispus. The relative amounts of genetic and environmentally induced 
variation among populations. Canadian Journal of Botany 60: 1928-1937. 
82. Hutchinson GE (1975) A treatise on limnology. Limnologica! botany. John Wiley 
and Sons. New York. 
83. Isikawa S and Fujii Τ (1961) Photocontrol and temperature dependence of germi­
nation of Rumex seeds. Plant and Cell Physiology 2: 51-62. 
84. Jackson M B (1983) Approaches to relieving aeration stress in waterlogged plants. 
Pesticide Science 14: 25-32. 
85. Jackson M B (1985) Ethylene and responses of plants to soil waterlogging and 
submergence. Annual Review of Plant Physiology 36: 145-174. 
86. Jackson M B (1985) Ethylene and the responses of plants to excess water in their 
environment-A review. In: Roberts JA and Tucker GA (eds) Ethylene and Plant 
Development. Butterworths, London, pp 241-265. 
145 
87. Jackson M B and Drew M C (1984) Effects of flooding on growth and metabolism 
of herbaceous plants. In: Kozlowski TT (ed) Flooding and Plant Growth. Academic 
Press, London, pp 47-128. 
88. John C D and Greenway H (1976) Alcoholic fermentation and activity of some 
enzymes in rice roots under anaerobiosis. Australian Journal of Plant Physiology 3: 
325-336. 
89. Jolliffe PA, Minjas A N and Runeckles VC (1984) A reinterpretation of yield 
relationships in replacement series experiments. Journal of Applied Ecology 21: 227-
243. 
90. Kapuya J A and Hall M A (1977) Diurnal variations in endogenous ethylene levels 
in plants. New Phytologist 79: 233-237. 
91. Keeley JE (1979) Population differentiation along a flood frequency gradient: Phy-
siological adaptations to flooding in Nyssa sylvatica. Ecological Monographs 1979: 
89-108. 
92. Keeley JE (1988) Anaerobiosis as a stimulus to germination in two vernal pool 
grasses. American Journal of Botany 75: 1086-1089. 
93. Kozlowski T T (1984) Extent, causes, and impacts of flooding. In: Kozlowski TT 
(ed) Flooding and Plant Growth. Academic Press, New York, pp 1-7. 
94. Kozlowski T T (1984) Responses of woody plants to flooding. In: Kozlowski TT 
(ed) Flooding and plant growth. Academic Press, London, pp 129-163. 
95 Kutchera L (1960) Wurzelatlas mitteleuropäischer Ackerunkräuter und Kulturpflan-
zen. DLG-Verlags-GmbH, Frankfurt am Main. 
96. Laan Ρ, Berrevoets MJ, Lythe S, Armstrong W and Blom C W P M (1989) 
Root morphology and aerenchyma formation as indicators of the flood-tolerance of 
Rumex species. Journal of Ecology 77: 693-703. 
97. Laan Ρ, Smolders A, Blom C W P M and Armstrong W (1989) The relative 
roles of internal aeration, radial oxygen losses, iron exclusion and nutrient balances in 
flood-tolerance of Rumex species. Acta Botanica Neerlandica 38: 131-145. 
98. Leck M A and Graveline KJ (1979) The seed bank of a freshwater tidal marsh. 
American Journal of Botany 66: 1006-1015. 
99. Lieberman M (1979) Biosynthesis and action of ethylene. Annual Review of Plant 
Physiology 30: 533-591. 
100. Lizada M C C and Yang SF (1979) A simple and sensitive assay for 1-Aminocyclo-
propane-l-carboxylic acid. Analytical Biochemistry 100: 140-145. 
101. Lubchenco J (1980) Algal zonation in the New England rocky intertidal community: 
An experimental analysis. Ecology 61: 333-344. 
102. McGraw JB and Antonovics J (1983) Experimental ecology of Dryas octopctala 
ecotypes I. Ecotypic differentiation and life-cycle stages of selection. Journal of Ecol­
ogy 71: 879-897.' 
103. McManmon M and Crawford R M M (1971) A metabolic theory of flooding 
tolerance. The significance of enzyme distribution and behaviour. New Phytologist 
70: 299-306. 
146 
104. Mendelssohn IA and McKee KL (1987) Root metabolic response of Spartina 
alterniflora to hypoxia. In: Crawford RMM (ed) Plant Life in Aquatic and Amphibious 
Habitats. Blackwell Scientific Publication. Oxford, pp 239-253. 
105. Métraux J P and Kende H (1983) The role of ethylene in the growth response of 
submerged deep water rice. Plant Physiology 72: 441-44G. 
106. Métraux J P and Kende H (1984) The cellular basis of the elongation response in 
submerged deep water rice. Planta 160: 73-77. 
107. Monk LS, Crawford R M M and Brandie R (1984) Fermentation rates and 
ethanol accumulation in relation to flooding tolerance in rhizomes of monocotyle-
donoius species. Journal of Experimental Botany 35: 738-745. 
108. Mooney HA, Pearcy RW and Ehleringer J (1987) Plant physiological ecology 
today. Bioscience 37: 18-20. 
109. Moore RP (1972) Tetrazolium staining for assessing seed quality. In: Heydecker W 
(ed) Seed Ecology. Butterworths, London, pp 347-3C6. 
110. Moore RM and Williams J D (1983) Competition among weedy species: Diallel 
experiments. Aiistralian Journal of Agricultural Research 34: 119-131. 
111. Morinaga Τ (192C) The favorable effect of reduced oxygen supply upon the germi­
nation of certain seeds. American Journal of Botany 13: 159-1GG. 
112. Musgrave A, Jackson M B and Ling E (1972) Callitnche stem elongation is 
controlled by ethylene and gibberellin. Nature New Biology 238: 93-9G. 
113. Musgrave A, and Walters J (1974) Ethylene and buovancv control of rachis 
elongation of the semi-aquatic fern Regndhdium diphyllvm. Planta 121: 51-56. 
114. Newman EI (19GG) A method of estimating the total length of root in a sample. 
Journal of Applied Ecology 3: 139-145. 
115. Noe R and Blom C W P M (1981) Occurrence of three Plantago species in coastal 
dune grasslands in relation to pore-volume and organic matter content of the soil. 
Journal of Applied Ecology 19: 177-182. 
116. Oomes M J M and Elberse WTh (1976) Germination of six grassland herbs in 
micro-sites with different water contents. Journal of Ecology 64: 745-755. 
117. Osborne DJ (1984) Ethylene and plants of aquatic and semi-aquatic environments: 
a review. Journal of Plant Growth Regulation 2: 167-185. 
118. Osborne DJ (1985) Target cells for ethylene action. In: Roberts JA and Tucker GA 
(eels) Ethylene and plant development. Butterworths, London, pp 197-212. 
119. Osmond CB, Austin MP, Berry JA, Billings W D , Boyer JS, Dacey J W H , 
Nobel P S , Smith S D and Winner W E (1987) Stress physiology and the distri­
bution of plants. Bioscience 37: 38-48. 
120. Pickett STA and Bazzaz FA (1978) Organization of an assemblage of early suc-
cessional species on a soil moisture gradient. Ecology 59: 1248-1255. 
121. Ponnamperuma F N (1981) Effects of flooding on soils. In: Kozlowski T T (ed) 
Flooding and Plant Growth. Academic Press, London, pp 9-45. 
122. Probert RJ and Smith R D (1986) The joint action of phvtochrome and alternating 
temperatures in the control of seed germination in Dactyhs glomcrata. Physiologica 
Plantarum 67: 299-301. 
147 
123. Putwain P D and Harper JL (1970) Studies in the dynamics of plant populations. 
Ill The influence of associated species on populations of Rumex acetosa L. and R. 
acetosella L. in grassland. Journal of Ecology 58: 251-264. 
124. Raskin I and Kende H. (1984) Role of gibherelliii in the growth response of 
submerged deep water rice. Plant Physiology 76: 947-950. 
125. Raskin I and Kende H (1984) Regulation of growth in stem sections of deep-water 
rice. Planta 160: 66-72. 
126. ар Rees Τ, Loveday ET, Smith A M and Wilson P M (1987) The metabolism of 
flood-tolerant plants. In: Crawford RMM (ed) Plant Life in Aquatic and Amphibious 
Habitats. Blackwell Scientific Publications, Oxford, pp 227-238. 
127. ap Rees Τ and Wilson P M (1984) Effects of reduced supply of oxygen on the 
metabolism of roots of Glycena maxima and Pisum sativum. Zeitschrift für pflanzen-
physiologie 114: 493-503. 
128. Ridge I (1973) The control of cell shape and rate of cell expansion by ethylene: 
Effects on microfibril orientation and cell wall extensibility in etiolated peas. Acta 
Botanica Neerlandica 22: 144-158. 
129. Ridge I (1985) Ethylene and petiole development in amphibious plants. In: Roberts 
JA and Tucker GA (eds) Ethylene and Plant Development. Butterworths. London, 
pp 229-239. 
130. Ridge I (1987) Ethylene and growth control in amphibious plants. In: Crawford 
RMM (ed) Plant life in Aquatic and Amphibious habitats. Blackwell Scientific Pub-
lications, Oxford, pp 53-76. 
131. Ridge I and Amarasinghe I (1984) Ethylene and growth control in the fringed wa-
terlily (Nymphoides peltata): Stimulation of cell division and interaction with buoyant 
tension in petioles. Plant Growth Regulation 2: 235-249. 
132. Rikin A, Chalutz E and Anderson J D (1983) Rhythmical changes in cotton 
(Gossypmm hirsutum L.) seedlings: Ethylene biosynthesis and cotyledon movement. 
Plant Physiology (supplement) 72: 39. 
133. Roberts EH (1973) Oxidative processes and the control of seed germination. In: 
Heydecker W (ed) Seed Ecology. Butterworth, London, pp 189-218. 
134. Roberts HA and Boddrell JE (1985) Seed survival and seasonal emergence in 
some species of Сетатит, Ranunculus and Rumex. Annals of Applied Biology 107: 
231-238. 
135. Roberts JKM, Callis J, Jardetzky O, Walbot V and Freeling M (1984) 
Cytoplasmic acidosis as a determinant of flooding intolerance in plants. Proceedings 
of the National Academy of Sciences USA 81: 6029-6033. 
136. Roberts JKM, Chang K, Webster C, Callis J and Walbot V (1989) De­
pendence of ethanolic fermentation, cytoplasmic pH regulation, and viability on the 
activity of alcohol dehydrogenase in hypoxic maize root tips. Plant Physiology 89: 
1275-1278. 
137. Roberts EH and Totterdell S (1981) Seed dormancy in Rumex species in response 
to environmental factors. Plant, cell and environment 4: 97-106. 
148 
138. Roelofs J G M , Schuurkes J A A R and Smits A J M (1984) Impact of acidification 
and eiitrophication on macrphyte communities in soft waters. II. Experimental studies. 
Aquatic Botany 18: 389-411. 
139. Rowse HR, and Phillips DA (1974) An instrument for estimating the total length 
of root in a sample. Journal of Applied Ecology 11: 309-314. 
140. Saglio P H (1985) Effect of path or sink anoxia on sugar translocation in roots of 
maize seedlings. Plant Physiology 77: 285-290. 
141. Saglio P H , Drew M C and Pradet A (1988) Metabolic acclimation to anoxia 
induced by low (2-4 kPa partial pressure) oxygen pretreatment (hypoxia) in root tips 
of Zea mays. Plant Physiology 86: Gl-66. 
142. Salisbury EJ (1961) Weeds and aliens. Collins New Naturalist Series, London. 
143. Sand-Jensen K, Prahl С and Stokholm H (1982) Oxygen release from roots of 
submerged aquatic macrophytes. Oikos 38: 349-354. 
144. SAS Inst itute Ine (1985) SAS Users Guide: Statistics Version 5 edited SAS Institute 
Ine, Сагу, NC. 
145. Schat H (1984) A comparative ecophysiological study on the effects of waterlogging 
and submergence on dune slack plants: Growth, survival and mineral nutrition in sand 
culture experiments. Oecologia 62: 279-286. 
146. Schwartz D (1969) An example of gene fixation resulting from selective advantage 
in suboptimal conditions. The American Naturalist 103: 479-481. 
147. Seliskar D M (1983) Root and rhizome distribution as an indicator of upper salt 
marsh wetland limits. Hydrobiologia 107: 231-236. 
148. Seliskar D M (1988) Waterlogging stress and ethylene production in the dune slack 
plant, SCITJIUS amencanus. Journal of Experimental Botany 39: 1639-1648. 
149. Sena Gomes A R and Kozlowski T T (1980) Growth responses and adaptations 
of Fraxinus pennsylvamca seedlings to flooding. Plant Physiology 66: 267-271. 
150. Setter TL, Waters I, Greenway H, Atwell В J and Kupkanchanakul Τ (1987) 
Carbohydrate status of terrestrial plants during flooding. In: Crawford RMM (ed) 
Plant Life in Aquatic and Amphibious Habitats. Blackwell Scientific Publications. 
Oxford, pp 411-433. 
151. Sharitz R R and McCormick JF (1973) Population dynamics in two competing 
annual plant species. Ecology 54: 723-740. 
152. Sman A J M van der, Tongeren OFR van and Blom C W P M (1988) Growth 
and reproduction of Rumcx mantimus and Chenopodmm rubrum under different wa­
terlogging regimes. Acta Botanica Neerlandica 37: 439-450. 
153. Smith R D , Dennison W C and Alberte RS (1984) Role of seagrass photosyn­
thesis in root aerobic processes. Plant Physiology 74: 1055-1058. 
154. Smith A M , Kalsi G and Woolhouse H W (1984) Products of fermentation in 
the roots of alders (Alnus Mill.). Planta 160: 272-275. 
155. Smith A M and ap Rees Τ (1979) Pathways of carbohydrate fermentation in the 
roots of marsh plants. Planta 146: 327-334. 
149 
15G. Smits A J M , Lyon M J H de, Velde G van der, Steentjes PLM and Roelofs 
J G M (1988) Distribution of three Nymphaeid macrophvtes (Nymphaea alba L., 
Nuphar lutea (L.) Sm. and Nymphoides pettata (Gniel.)O.Kuntze) in relation to alka-
linity and uptake of organic carbon. Aquatic Botanv 32: 45-02. 
157. Smits A J M and Wetzels A M M (1986) Germination studies on three Nymphaeid 
species (Nymphaea alba L.. Nuphar lutea (L) Sm. and Nymphoides peltata (GMEL) 
O.Kunt/e). Proceedings EWRS/AAB 7'A symposium on Aquatic Weeds: 315-320. 
158. Snow A A and Vince S W (1984) Plant zonation in an Alaskan salt marsh II. An 
experimental study of the role of edaphic conditions. Journal of Ecology 72: 669-684. 
159. Solcai R R and Rohlf FJ (1981) Biometry. \YH Freeman and Company, San 
Francisco. 
160. Spence D H N , Milburn TR, Ndawula-senyimba M and Roberts E (1971). 
Fruit biology and germination of two tropical Potamogetón species. New Phytologist 
70: 197-212. 
161. Spurr A R (1969) A low-viscosity epoxy resin embedding for electron microscopy. 
Journal of Ultrastructure Research 26: 31-42. 
162. Stebbins GL (1971) Adaptive radiation of reproductive characteristics in an-
giosperms. II. Seeds and seedlings. Annual Review of Ecological Systematics 2: 
237-260. 
163. Steeg H M van de (1984) Effects of summer inundation on flora and vegetation of 
river foreland in the Rhine area. Acta Botanica Neerlandica 33: 365-366. 
164. Takaki M, Heeringa GH, Cone J W and Keiidrick RE (1985) Analysis of 
the effect of light and temperature on the fluente response curves for germination of 
Rumex obtusifohus. Plant Physiology 77: 731-734. 
165. Takaki M, Kendrick RE and Dietrich SMC (1981) Interaction of light and 
temperature on the germination of Rumex obtusifohus L.. Planta 152: 209-214. 
166. Takaki M and Zaia V M (1984) Effect of light and temperature on the germination 
of lettuce seeds. Planta 160: 190-192. 
167. Taylorson R B and Hendricks SB (1972) Interactions of light and a temperature 
shift on seed germination. Plant Physiology 49: 127-130. 
168. Taylorson R B and Hendricks SB (1972) Phytochrome control of germination of 
Rumex enspus L. seeds induced by temperature shifts. Plant Physiology 50: 645-648. 
169. Taylorson R B and Hendricks SB (1977) Dormancy in seeds. Annual Review of 
Plant Physiology 28: 331-354. 
170. Thompson К (1978) The occurrence of buried viable seeds in relation to environ­
mental gradients. Journal of Biogeography 5: 425-430. 
171. Thompson К and Grime J P (1979) Seasonal variation in the seed bank of herba­
ceous species in ten contrasting habitats. Journal of Ecology 67: 893-921. 
172. Thompson К and Grime J P (1983) A comparative study of germination responses 
to diurnally-fluctuating temperatures. Journal of Applied Ecology 20: 141-156. 
173. Thompson K, Grime J P and Mason G (1977) Seed germination in response to 
diurnal fluctuations of temperature. Nature 267: 147-149. 
150 
174. Totterdell S and Roberts EH (1980) Characteristics of alternating temperatures 
which stimulate loss of dormancy in seeds of Rumcx obtusifohus L. and Rumex cnspus 
L.. Plant. Coll and Environment 3: 3-12. 
175. Tripepi R R and Mitchell CA (1984) Metabolic response of river birch and euro­
pean birch roots to hypoxia. Plant physiology 76: 31-35. 
176. Turkington R and Harper JL (1979) The growth, distribution and neighbour 
relationships of Trifolium repens in a permanent pasture. IV. Fine scale biotic differ­
entiation. Journal of Ecology 67: 245-254. 
177. Tweel PA van den and Schalk В (1981) The horizontally perforated soil system: 
A new observation method. Plant and Soil 59: 163-165. 
178. Valk AG van der and Davies CB (1976) The seed banks of prairie glacial marshes. 
Canadian Journal of Botany 54: 1832-1838. 
179. Vincent EM and Cavers P B (1978) The effects of wetting and drying on the 
subsequent germination of Rumcx cnspus. Canadian Journal of Botany 56: 2207-
2217. 
180. Voesenek LACJ and Blom C W P M (1987) Rooting patterns of Rumcx species 
under drained conditions. Canadian Journal of Botany 65: 1638-1642. 
181. Voesenek LACJ, Blom C W P M and Pouwels R H W (1989) Root and shoot 
development of Rumex species under waterlogged conditions. Canadian Journal of 
Botany 67: 1865-1869. 
182. Voesenek LACJ and Blom C W P M (1989) Growth responses of Rumex species 
in relation to submergence and ethylene. Plant, Cell and Environment 12: 433-439. 
183. Voesenek LACJ and Blom C W P M (1989) Ethylene and flooding responses of 
Rumex species. In: Clijsters H et al (eds) Biochemical and Physiological Aspects 
of Ethylene Production in Lower and Higher Plants. Kluwer Academic Publisher, 
Dordrecht, pp 245-253. 
184. Voesenek LACJ, Blom C W P M and Graaf M C C de (1990) Emergence and 
establishment of Rumex species in a flooding gradient. II. Laboratory experiments 
(chapter 3 of this thesis). 
185. Voesenek LACJ, Perik P J M , Blom C W P M and Sassen M M A (1990) Petiole 
elongation in Rumex species during submergence and ethylene exposure: The relative 
contributions of cell division and cell expansion. Journal of Plant Growth Regulation 
9 (in press). 
186. Voesenek LACJ, Rijs В, Duren 1С van and Blom C W P M (1990). Distribution 
of Rumex species in an environmental gradient: The role of flooding, competition and 
herbivory (chapter 5 of this thesis). 
187. Waldren S, Davies M S and Etherington J R (1987) Comparative studies of 
plant growth and distribution in relation to waterlogging. XI. Growth of Gcum rivale 
L. and Geum urbanum L. and soil chemical conditions in experimentally flooded soil. 
New Phytologist 105: 551-562. 
188. Walters J and Osborne DJ (1979) Ethylene and auxin induced cell growth in 
relation to auxin transport and metabolism and ethylene production in the semi-
aquatic plant, Rcgnelhdium diphyllum . Planta 146: 309-317. 
151 
189. Walton D W H (1977) Studies on Acaena (Rosacea). I. Seed germination, growth 
and establishment in A. magellanica (Lam.) Vahl. and A. tenera Alboff. Brittish 
Antartic Survey Bullitin 45: 29-40. 
190. Weaver SE and Cavers P B (1979) Dynamics of seed populations of Rumex crispas 
and Rumex obtustfohus (polygonaceae) in disturbed and undisturbed soil. Journal of 
Applied Ecology IG: 909-917. 
191. Webb Τ and Armstrong W (1983) The effects of anoxia and carbohydrates on the 
growth and viability of rice, pea and pumpkin roots. Journal of Experimental Botany 
34: 579-603. 
192. Welbank PJ (19G3) A comparison of competitive effects in some common weed 
species. Annals of Applied Biology 51: 107-125. 
193. Whittaker JB (1979) Invertebrate grazing, competition and plant dynamics. In: 
Anderson RM, Turner BD and Taylor LR (eds) Population Dynamics. Symposia of the 
british ecological society no.20. Blackwell Scientific Publication, Oxford, pp 207-222. 
194. Whittaker J B (1982) The effect of grazing by a chrysomelid beetle, Gastrophysa 
vindula, on growth and survival of Rumex enspus on a shingle bank. Journal of 
Ecology 70: 291-296. 
195. Williams ED (1983) Germinability and enforced dormancy in seeds of species of 
indigenous grassland. Annals of Applied Biology 102: 557-566. 
196. Wilson JB (1988) Shoot competition and root competition. Journal of Applied 
Ecology 25: 279-296. 
197. Wilson S D and Keddy PA (1986) Species competitive ability and position along 
a natural stress/disturbance gradient. Ecology 67: 1236-1242. 
198. Wit C T de (1960) On competition. Verslag Landbouwkundig Onderzoek 66.8, Pu-
doc, Wageningen. 
199. Woltering EJ and Harren F (1989) Early changes in ethylene production during 
senescence of carnation and Phalaenopsis flowers measured by laser photoacoustic 
detection. In: Clijsters H et al (eds) Biochemical and Physiological Aspects of Ethylene 
Production in Lower and Higher Plants. Kluwer, Dordrecht, pp 263-270. 
200. Woltering EJ, Harren F and Boerrigter H A M (1988) Use of a laser-driven pho­
toacoustic detection system for measurements of ethylene production in Cymbidium 
flowers. Plant Physiology 88: 506-510. 
201. Woude WJ van der and Toole VK (1980) Studies of the mechanism of en­
hancement of phytochrome-dependent Lettuce seed germination by prechilling. Plant 
Physiology 66: 220-224. 
202. Yang SF (1984) The formation of ethylene from l-aminocyclopropane-l-carboxylic 
acid. In: Fuchs Y and Chalutz E (eds) Ethylene; Biochemical, Physiological and 
Applied Aspects. Martinus Nijhoff/Dr W Junk Publishers, The Hague, pp 1-10. 
203. Yang SF and Hoffman N E (1984) Ethylene biosynthesis and its regulation in 
higher plants. Annual Review of Plant Physiology, 35, 155-189. 
204. Yang SF, Liu Y, Su L, Peiser GD, Hoffman N E and McKeon Τ (1985) 
Metabolism of l-aminocyclopropane-l-carboxylic acid. In: Roberts JA and Tucker 
GA (eds) Ethylene and Plant Development. Butterworth, London, pp 9-21. 
152 
S A M E N V A T T I N G 
"Aanpassingen van Rumex soorten aan overstroming" 
Inleiding 
Nederlandse rivierengebieden worden gekarakteriseerd door sterk wisselende waterstan-
den. Hoge wateriiiveaus, voornamelijk veroorzaakt door regenval in het stroomgebied van 
de Rijn, kunnen zowel in de winter als de zomer optreden. Deze pieken in de waterafvoer 
leiden veelal tot overstromingen in de uiterwaarden. Een dergelijke gebeurtenis heeft grote 
invloed op de verspreiding en fysiologie van planten in deze gebieden. Het rivierengebied is 
echter niet volkomen vlak; het wordt gekenmerkt door een grote afwisseling van verlagingen 
(oude rivierlopen, zand- en kleiputten) en verhogingen (oeverwallen, dijken en kaden). Deze 
afwisseling heeft tot gevolg dat er een grote ruimtelijke variatie in diepte, frequentie en 
duur van overstromingen bestaat. Binnen dergelijke overstromingsgradiënten bestaan echter 
onmiskenbaar ook diverse secundaire gradiënten zoals variatie in intensiteit van concurrentie, 
differentiatie in frequentie en patronen van "gap"-voriuing en variatie in bodemtypen. Dit 
geheel van biotische en abiotische milieu-invloeden, gestuurd door variatie in overstroming, 
zal de verspreiding van plantesoorten in het rivierengebied bepalen. 
Drie soorten uit hel geslacht Rumex (zuring), elk met een andere locatie in overstro-
mingsgradiënten, zijn geselecteerd en bestudeerd in het onderzoek waarvan de resultaten in 
dit proefschrift zijn weergegeven. Rumex acetosa (veldzuring) wordt voornamelijk aangetrof-
fen op hooggelegen, zelden overstroomde dijken en oeverwallen, terwijl de verspreiding van 
Rumex palustris (moeraszuring) nagenoeg wordt beperkt tot laag gelegen moddervlaktes 
in frequent en veelal langdurig overstroomde beddingen van oude rivierlopen. Rumex cns-
pus (krulzuring) neemt in dit hoogte- en overstromingsgradiënt een intermediaire positie 
in: overstromingen in dit gebied zijn frequent, maar vaak kort van duur. Aangezien over-
stromingen sterk verschillende effecten kunnen sorteren op de diverse stadia van de leven-
scyclus van Äwmex-soorten is het noodzakelijk alle stadia te onderzoeken. De levencyclus 
van Rumex is onderverdeeld in de regeneratieve fase (zaaddispersie, kiemrust, kieming en 
vestiging) en de gevestigde fase (vegetatieve groei, bloei en zaadproductie). Experimenten 
zijn uitgevoerd onder veld-, kas- en laboratoriiimcondities, met als doel inzicht te krijgen in 
de resistentie van soorten ten opzichte van voor dit onderzoek relevante variabelen en in de 
achterliggende fysiologische mechanismen welke verantwoordelijk zouden kunnen zijn voor 
de gedifferentieerde verspreiding van Дитех-soorten in het veld. 
Kort samengevat wordt dus getracht de locatie van drie Äwmei-soorten in een overstro-
mingsgradiënt te verklaren met behulp van oecologische en oecofysiologische experimenten 
in diverse stadia van de levenscyclus. 
Regeneratieve fase 
Rumex acetosa kiemt onder natuurlijke omstandigheden voornamelijk in het najaar en 
vormt geen permanente zaadvoorraad in de bodem (zaadbank). Rumex enspus en R. palus-
tris stellen kieming over het algemeen uit tot het voorjaar volgend op de zaadval en vormen 
een persistente zaadbank. Deze verschillen in kiemstrategie vinden hun basis in eigen-
schappen van de ouderplanten en het zaad en weerspiegelen fundamentele verschillen in de 
habitats van de Дитеі-soorten. 
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Zaad van Rumex acetosa valt snel van de nioederplant (juli/auguslus) terwijl het peri-
anth zich gemakkelijk scheidt van het zaad waardoor kiemrcmming. geïnduceerd door het 
perianth, ontbreekt. Zaad van deze soort kan bovendien maximaal kiemen bij sterk uiteen-
lopende temperaturen en is vrijwel onafliankelijk van de heersende lichtcondities. Al deze 
eigenschappen leiden ertoe dat de kieming zich vooral concentreert in het najaar en dat 
er geen persistente zaadbank wordt gevormd. In een relatief dicht begroeid hooiland, met 
nabeweiding als vorm van beheer, is juist in het najaar sprake van "gap''-vorming. 
Het zaad van zowel R. cjispus als R. palustris blijft in rijpe toestand lang aan de moe-
derplant hangen (tot en met oktober) terwijl bij zaadval het perianth stevig om het zaad 
blijft zitten. Dit perianth remt de kieming door interferentie met lichtpenetratie en wa-
teropname. Onder invloed van deze eigenschappen en de veelal lage temperaturen in het 
late najaar wordt de kieming uitgesteld tot het volgende voorjaar. Zaadbankvorming wordt 
bij deze soorten bevorderd door de strikte kiemeisen. Beide soorten kunnen kiemen bij 
relatief lage zuurstofconcentraties in de bodem; dit biedt de mogelijkheid tot kieming on-
middellijk na het terugtrekken van overstromingswater. In een milieu met frequent en soms 
langdurig optredende overstromingen is het van grote adaptieve waarde om een persistente 
zaadvoorraad te hebben. Mocht een katastrofale overstroming leiden tot mortaliteit van 
alle gevestigde planten, dan nog is het voortbestaan van de populatie gewaarborgd door de 
zaadbank. De concentratie van kieming in het voorjaar hangt waarschijnlijk samen met de 
overstromingsfrequentie welke in het groeiseizoen geringer is dan gedurende de wijitermaan-
den. 
Pas gekiemde zaden kunnen tijdens de vestigingsfase geconfronteerd worden met over-
stromingen. Gezien het geringe formaat van deze planten leidt dit vrijwel altijd tot volledige 
onderdompeling. De relevante aanpassingen moeten daarom ook gezocht worden in aan-
passingen aan volledige onderdompeling. Zowel R. enspus als R. palustris zijn, weliswaar 
op bescheiden schaal, in staat onder water te fotosynthetiseren. Ook kunnen ze de bij dit 
proces vrijkomende zuurstof naar de wortels transporteren en wellicht aanwenden voor ae-
robe wortelrespiratie. Daarnaast kunnen wortelpunten van R. crupus en R. palustris relatief 
lang overleven onder anaerobe condities, hetgeen positief is gecorreleerd met het vermogen 
tot alcoholferment at ie. Hieruit blijkt dat deze soorten ook metabolisch aangepast zijn aan 
anaerobe milieu-omstandigheden. 
Geves t igde fase 
Volwassen planten van R. acetosa hebben een gematigde concurrentiekracht, maar bezit-
ten een hoge resistentie tegen vraat. De interactie tussen beide is verantwoordelijk voor het 
voorkomen van R. acetosa in gematigd concurrentiekrachtige milieus zoals de eigen habitat. 
Rumex enspus en R. palustris worden ook als volwassen plant frequent geimmdeerd. 
Wanneer deze planten worden overstroomd met een niet te diepe laag water kunnen ze 
door versnelde bladsteelgroei ("supergroei") het contact tussen blad en atmosfeer herstellen. 
Deze snelle groei wordt gereguleerd door het gasvormige hormoon ethyleen, dat onder water 
ophoopt in de planteweefsels. In tegenstelling tot bij veel andere planten zoals R acetosa, 
leiden hoge ethyleenconcentraties bij R. enspus en R. palustris tot een stimulatie van de 
celstrekking. Voor overleving op termijn is het bereiken van het wateroppervlak zelfs es-
sentieel; functioneel is het gerelateerd aan diffusie van zuurstof naar het wortelstelsel en de 
continuering van de fotosynthese. Zodra een blad het wateroppervlak bereikt, kan er een 
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nieuw overstromingbrebistent wortelstelsel worden gevormd. Deze nieuwe wortels bevatten 
veel aerenchym en concentreren hun groei in die lagen van de bodem en/of water waar de 
zuurblofconcentratie het hoogst is. Wanneer de wortelstelsels van R. cnspus en R. palustris 
met elkaar worden vergeleken onder niet overstroomde, gedraineerde bodemcondities, blijkt 
R. palustris een relatief groot deel van de wortels in de bovenste bodemlagen te concentreren. 
Juist deze lagen zijn bij een eventuele overstroming het rijkst aan zuurstof. 
Rumex cnspus is relatief concurrentiekrachtig in vergelijking tot R. palustris. Daardoor 
kan R. cnspus zich goed handhaven in zijn van nature dicht begroeide habitat en komt R. 
palustns beter tot zijn recht in open habitats. 
Slot 
Tot dusverre is beschreven waarom bepaalde Rumex soorten zo goed zijn aangepast aan 
hun natuurlijke habitat. Nu zal enige aandacht besteed worden aan de vraag waarom ze 
juist niet of nauwelijks voorkomen in habitats met een ander overst romingsregime. 
Succesvolle vestiging van R. acetosa in beide andere habitats wordt verhinderd door 
de najaarskiemiiig van deze soort, waardoor zaailingen direct geconfronteerd worden met 
frequent en vaak langdurige overstromingen in de winter en het onvermogen om een grote 
zaadvoorraad in de bodem op te bouwen. Daarnaast blijkt dat zowel zaden, zaailingen als 
volwassen planten erg gevoelig te zijn voor overstromingen, waardoor overleving in frequent 
oversl roomde gebieden onmogelijk is. 
Kieming en vestiging van R. cnspus in de habitat van R. acetosa wordt bemoeilijkt door 
het gesloten karakter van de vegetatie in dit milieu gedurende het voorjaar. Het voorkomen 
van R. ertspus in de R. palustns habitat is beperkt tot een zeer gering aantal individuen, 
hetgeen verklaard kan worden door het ontbreken van een grote zaadvoorraad van deze soort 
in dit milieu. Dit hangt niet samen met zaadeigenschappen, maar waarschijnlijk met het 
gegeven dat te weinig individuen kunnen overleven in de periode voorafgaande aan de bloei 
en zaadproductie. 
Kieming en vestiging van R. palustns in beide andere habitats wordt in principe verhin-
derd door het gesloten vegetatiedek. In door overstroming gecreëerde "gaps" in de habitat 
van fi. cnspus is vestiging wel mogelijk, maar overleving op termijn wordt belemmerd door 
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